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ABSTRACT 
KEYWORDS: Clay, Cr-Pillared clay, Al-pillared clay, Zr-pillared clay, Xanthene 
derivatives, dihydropyridines, tetrahydropyridines, hexahydropyrimidines, 
hydrodehalogenation, multicomponent condensations, bimetallic particles, 
FE-SEM, XRD, FTIR, Microwave, Solventfree synthesis 
Cr-pillared montmorillonite clay (Cr-P) was prepared by intercalation of chromium 
oxyhydroxy cationic clusters into the clay interlayer and subsequent thermal activation. The Cr-P 
material was characterized by XRD, FTIR, UV–Vis and sorptometric techniques. The expansion in 
the clay lattice as a result of pillaring was confirmed from the XRD study. The UV–Vis study of the 
pillared clay revealed the presence of Cr3+species as Cr2O3 nanoclusters inside the clay interlayer. 
The IR study was employed to show the presence of acidic and non-acidic hydroxyl groups in the 
pillared clays. The Cr-P material was used as an efficient heterogeneous catalyst for the synthesis of 
benzoxanthenes and octahydroxanthenes. The benzoxanthenes were synthesized by condensation of 
two mole of -naphthol with one mole of benzaldehyde. Similarly, the octahydroxanthenes were 
synthesized by the condensation of two mole of dimedone with one mole aryl aldehydes. 
Structurally diverse xanthene derivatives were synthesized under solvent free conditions and 
microwave irradiation using Cr-P as heterogeneous catalyst. The Cr-P clay was used further as 
support for dispersion of silicotungstic acid (STA). The STA particles were dispersed in the 
micropores of Cr-P clay by wet impregnation method. The synthesized materials were characterized 
by XRD, FTIR, UV-Vis, sorptometric, TGA, SEM and TEM techniques. IR and UV-Vis study 
illustrates the structural integrity of the STA particles in the micropores of the pillared clay. N2 
adsorption/ desorption shows that the synthesized materials are microporous in nature. The catalytic 
activity of the STA/Cr-P materials was evaluated for synthesis of 1,4-dihydropyridines (DHPs) by 
multicomponent reaction of aldehydes/chalcones, ethylacetoacetate and ammonium acetate. 
Structurally diverse DHPs are prepared by using aryl aldehydes and chalcones as starting materials.  
A series of Zr-pillared clay (Zr-P)-polyphosphoric acid (PPA) and Zr-pillared clay-
sulfonated polyvinyl alcohol (SPVA) composites were synthesized by adopting different 
preparative strategies. Initially, the polymeric species were intercalated to the clay matrix with and 
without the use of structure expanding agent (CTAB). In case of PPA based composites, the PPA–
clay was pillared with Zr-polycation to form the composite materials. In an alternate approach, Zr-
pillared clay was synthesized by insertion of Zr-polycation, which was subsequently used for 
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dispersion of PPA moiety. For composites involving SPVA polymer, two set of materials were 
synthesized by insertion of the sulfonated PVA and PVA species into the interlayer space of clay 
and Zr-P material. The PVA containing materials were sulfonated in situ to generate the SPVA 
polymers inside the interlayer space. The synthesized composites are characterized by XRD, TGA, 
FTIR, UV–vis, EDX, FE-SEM and sorptometric techniques. XRD study indicated an expansion in 
the clay structure after intercalation of polymeric species as well as the Zr-polycations. The FTIR 
spectra exhibited characteristic vibrational features of the clay sheet and the polymeric moieties 
indicating structural stability of the composite materials. The phosphorous and sulfur content in the 
composite samples was analyzed using EDX study. FE-SEM study indicated morphological 
changes upon intercalation of polymeric species and Zr-polycations to the clay matrix. The catalytic 
activity of the Zr-P-PPA composite catalysts was examined for the synthesis of tetrahydropyridines 
by one pot multicomponent condensation of -dicarbonyl compounds, substituted anilines and 
substituted benzaldehydes. The ZrP-SPVA materials were used as efficient catalyst for synthesis of 
hexahydropyrimidines by multicomponent condensation of -dicarbonyl compounds, substituted 
aniline and formaldehyde. Structurally diverse tetrahydropyridines and hexahydropyrimidines were 
obtained in high yield and purity using the Zr-P-polymeric composite materials.   
The Al-pillared clay was prepared by insertion of [AlO4Al12(OH)24(H2O)12]7+ clusters into 
clay interlayer and subsequent thermal activation. Palladium (Pd) and Palladium-Nickel (Pd-Ni) 
nanoparticles dispersed in the micropores of Al-pillared clay was prepared by chemical reduction 
method. The pillared clay supported systems (Pd/Al-P and Pd-Ni/Al-P) were characterized using 
XRD, IR, UV–Vis, SEM, TEM and sorptometric technique. The expansion of the interlayer space 
as a result of pillaring was noted for Pd-M/Al–P system from the XRD study. The TEM study of the 
supported system indicated well dispersion of the metallic species with particle size in the range of 
5–30 nm. The supported Pd and Pd-Ni bimetallic nanoparticles were used as an efficient 
heterogeneous catalyst for the hydrodehalogenation of halogenated organics under hydrogen 
transfer condition using hydrazine hydrate as hydrogen donating agent. The effect of various 
reaction parameters such as temperature, time, and nature of support, type of hydrogen transfer 
agents and functionality of substrate was studied in details. The catalytic study clearly indicated 
superior catalytic activity of the supported Pd based metallic systems in presence of hydrazine 
hydrate as hydrogen donating agent. The Al-pillared clay as support influences the dispersion and 
catalytic activity of the supported Pd nanoparticles. 
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CHAPTER 1 
INTRODUCTION 
1.1 GENERAL INTRODUCTION 
Clays are the most common mineral on earth’s surface and have been used by mankind for 
centuries. These materials are highly versatile and are used in millions of tons in different 
areas of application. Clays find wide applications in building ceramics, paper coating and 
filling, drilling muds, foundry moulds, and pharmaceuticals. These materials are also the 
most primitive materials to be used as adsorbents and catalysts for various industrial 
applications (Pinnavia, 1983; Adams and McCabe, 2006; Bhattacharyya and Sen Gupta, 
2008; Ruiz-Hitzky et al., 2010). The high surface area and polarity of the clay structure helps 
in retaining ionic species such as K+ and Ca2+ which are vital for the plant growth (Carvalho 
et al., 2003). Clay minerals are also known as very good adsorbents for toxic organic 
chemicals such as chlorinated compounds, heavy metal ions (eg. Pb2+, Hg2+) and nuclear 
waste (Boonamnuayvitaya et al., 2004; Sdiri et al., 2011; Sis and Uysal, 2014; Nascimento  
and Masini, 2014;). Acid treated clays have been used extensively as cracking catalysts 
before introduction of zeolites in petroleum industries. The first hydrocracking process came 
on stream with acid treated clays in 1936 (Occelli and Rennard, 1988, Kloprogge et al., 2005; 
Centi and Perathoner, 2008). However, after the advent of zeolites and aluminosilicates these 
materials were replaced in 1964. Acid treated clays are still used in some cases for cracking 
of heavy fraction of the crude oil (M.F. Rosa-Brussin, 1995). Salt loaded, acid-treated and ion 
exchanged clays have been found to be efficient catalysts for many organic reactions 
(Pinnavia, 1983; Mc Cabe, 1996; Chitnis and Sharma, 1997; Cheng, 1999; Vaccari, 1999; 
Thomas et al., 2011; Chmielarz et al., 2012; Jha et al., 2013; Zhao et al., 2013). Recently, the 
clay-polymer nanocomposites and clay based nanohybrids have been investigated extensively 
for possible application as adsorbents, heterogeneous catalysts, structural materials and frame 
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retardants (Pavlidou  and Papaspyrides, 2008; Hetzer et al., 2008; Tămăşan et al., 2013; 
Tokarský et al., 2013). Clays are divided into two main groups: cationic and anionic clays 
(Rajamathi et al., 2001). The cationic clays are widely available in nature and contain 
negatively charged alumino-silicate layers (Vaccari, 1998; Centi and Perathoner, 2008). The 
negative charge in the layer is balanced by the presence of cations in the interlayer of these 
materials. These materials exhibit surface acidic properties due to the presence of structural 
hydroxyl groups. The anionic clays on the other hand, are relatively rare in nature but simple 
and inexpensive to synthesize (Rajamathi et al., 2001; Nethravathi et al., 2011). These 
materials have positively charged metal hydroxide layers with balancing anions and water 
molecules located interstitially. The work described in the thesis mainly concerned with the 
structural modification and catalytic application of the cationic clays.  
1.2 STRUCTURE AND CLASSIFICATION OF CLAY MATERIALS 
Clays are two dimensional hydrous layer silicates belonging to the phyllosillicate family 
(Mott, 1988; Kloprogge et al., 2005; Zhang et al., 2010). The basic framework of clay 
consists of silicate layers formed from the condensation of the extremely stable SiO4 
tetrahedral units. The SiO4 tetrahedra share three basal oxygen atoms by corner sharing to 
from the silicate layer. The oxygen atoms which can be imagined as being at the base of the 
equilateral triangle form a repeating pattern of regular hexagons. The structure of a typical 
silicate plane of a clay mineral is shown in Fig.1.1.  
                                 
Figure 1.1 Silicate sheet of a clay mineral formed from corner sharing of SiO4 unit.  
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Each tetrahedron in the silicate layer has a spare oxygen atom which is unshared and pointed 
normally away from the tetrahedral siloxane sheet. These silicate planes then condense with 
different octahedral planar units through the unshared oxygen atoms to from different classes 
of clay materials. The octahedral layer is formed form the edge sharing of the MO6 (M= Al, 
Mg etc.) octahedra. The MO6 octahedra are polymerized in the plane by sharing four of its 
edges to form the octahedral layer (Mott, 1988; Brigatti et al., 2013). Each octahedron in the 
layer contains two unshared oxygen atoms pointing normally above and below the plane of 
polymerization. This results in the generation of two negative charges to be satisfied by the 
metal cations. This is why trivalent aluminium occupies only two third of the available 
octahedral holes and forms dioctahedral clay minerals whereas magnesium occupy all the 
octahedral holes to form trioctahedral clay minerals. The structure of an alumina layer is 
shown in the Fig 1.2. 
 
. 
 
 
Figure 1.2 Alumina octahedral sheets in clay mineral. 
The most widely used clay material in catalysis is montmorillonite. The structure of 
montmorillonite consists of an alumina layer sandwiched between two-silicate layers. The 
tetrahedral sheet of the polymerized SiO4 unit and the octahedral sheet of the polymerized 
AlO6 unit are the basic building blocks of the montmorillonite clay. The alumina plane 
condensed with two silicate planes to form the clay sheet. These clay sheets are then stacked 
in the z-direction to form the structure of montmorillonite. The structure of montmorillonite 
clay is shown in Fig 1.3. The space between each sheet of clay is called the interlayer 
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spacing. Isomorphous substitution of Al3+ ion by lower valent ions such as Fe2+, Mg2+ in the 
octahedral layer of clay sheet is a common phenomenon in clay minerals. This results in the 
development of negative charge in the clay sheet, which is usually satisfied by cations of 
alkali and alkaline earth metals. These charge-compensating cations are found in the 
interlayer and are easily exchangeable with other cationic species. 
 
 
 
 
 
 
 
 
Figure 1.3 Structure of 2:1 clay mineral montmorillonite. 
The total amount of negative charge originated as a result of isomorphous substitutions is 
called the cation exchange capacity (CEC) of the clay material (Figueras, 1988; Bergaya et 
al., 2006a; Brigatti et al., 2013). The montmorillonite type clay minerals are called 2:1 clay 
minerals. The other possibility is that one silicate layer can condense with one alumina layer. 
Such clay minerals are called 1:1 clay minerals (Mott, 1988; Brigatti et al., 2013). One such 
clay mineral used in catalysis is Kaonilite. Clay minerals have been divided into several 
groups, sub-groups and species depending upon the layer type, charge and occupancy and the 
type of charge compensating cations. Some of the important groups of clay minerals are 
listed in Table 1.1. 
5 
 
Table 1.1 Classification of clay minerals 
 
 
Group 
Name 
Layer 
Type 
Charge 
(x) 
Interlayer Type Octahedral 
Occupancy 
Subgroup Species 
Serpentine-
Kaolin 
 
Talc- 
Pyrophyllite 
 
Smectite 
 
 
Vermiculite 
 
 
Mica 
 
 
Brittle Mica 
 
 
Chlorite 
 
 
Sepiolite- 
Palygorskite 
1:1 
 
 
2:1 
 
 
2:1 
 
 
2:1 
 
 
2:1 
 
 
2:1 
 
 
2:1 
 
 
2:1 
very low or zero 
 
 
zero 
 
 
low 
(0.6 < x < 1.2) 
 
medium 
(1.2 < x < 1.8) 
 
high 
(x  2) 
 
very high 
(x  4) 
 
variable 
 
 
variable 
   - - - 
   - - -  
 
    - - - 
 
 
hydrated cation (Na) 
 
 
hydrated cation (Mg) 
 
 
Unhydrated cation (K) 
 
 
Unhydrated cation (Mg) 
 
 
Octahedral layer 
 
 
Any 
Tri - -  
Di - -  
 
Tri - - 
Di - - 
 
Tri - - 
Di - - 
 
Tri - - 
Di - - 
 
Tri - - 
Di - - 
 
Tri - - 
Di - - 
 
Tri - - 
Di - - 
 
Tri - - 
Di - - 
Serpentines 
Kaolins 
 
Talcs 
Pyrophyllite 
 
Saponites  
Montmorillonite 
 
Tri-vermiculites 
Di-Vermiculites 
 
Tri-Mica 
Di-Mica 
 
Tri-Brittle Mica 
Di-Brittle Mica 
 
Tri-Chlorites 
Di-Chlorites 
 
Sepiolites 
Palygorstites 
Chrysotile 
Kaolinite 
 
Talc 
 Pyrophyllite 
 
Saponite 
Beidellite 
 
Tri-vermiculites 
Di-Vermiculites 
 
Biotite 
Illite 
 
Clintonite 
Margarite 
 
Chlinochlore 
Donbassite 
 
Sepiolites 
Palygorstites 
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1.3 ACIDIC AND CATALYTIC PROPERTIES OF CLAY MATERIALS 
Cationic clays are used as solid catalysts for several acid catalysed reactions. The acidic 
property of the clay surface has been studied using several methods such as surface 
conductivity (Fripiat et al., 1965),  Linear free energy relationship of H/D exchange of 
substituted benzenes (Gonçalves et al., 2007), Hammet indicator, diffuse reflectance Fourier 
transform infrared spectroscopy (Benesi, 1956; Liu et al., 2011), temperature programmed 
desorption (Arena et al., 1998; Okada et al., 2006), first principles molecular dynamics 
simulations (Liu et al., 2014), microcalorimetry (Jerónimo et al., 2007) and temperature 
programmed desorption (TPD) and FTIR spectra of adsorbed probe molecules (Bodoardo et 
al., 1994; Mokaya and Jones, 1995; Akcay, 2005; Liu et al., 2013). The acidity observed in 
the clay materials is mostly Brønsted in nature. However, it is possible to generate Lewis 
acidity by suitable thermal treatment. The structural and environmental factors govern the 
degree of presence of these sites and normally one type predominates under a given set of 
conditions (Pinnavia, 1983; Morikawa, 1992; Mc Cabe, 1996; Akcay, 2005). The Lewis 
acidity is mainly associated with the exposed Al3+ ions at the broken crystallite edges. Such 
sites can be created by heat treatment of the clay materials at higher temperatures. However, 
the heat treatment results in the removal of interlayer and coordinated water and irreversible 
collapse of the clay structure.  
The origin and nature of Brønsted acidity in clay have been studied by several authors 
(Mortland et al., 1963; Fripiat et al., 1965; Frenkel, 1974; Bodoardo et al., 1994; Akcay, 
2005; Azzouz et al., 2006; Tyagi et al., 2006; Ravindra Reddy et al., 2007; 2009; Liu et al., 
2013). The most important source of Brønsted acidity in case of clay materials is due to the 
dissociation of water molecules in the hydration sphere of the interlayer exchangeable 
cations. The water molecules in the primary coordination sphere of the interlayer ion are 
highly polarized and sterically hindered (Fig.1.4). These water molecules under the influence 
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of the “negative” potential of the clay sheet dissociate to form protons which act as a source 
of acidity. 
                        
Figure 1.4 Hydration sphere of metal ion in the clay interlayers 
The generation of acidity by water dissociation process depends upon its content in the clay 
and the ionic charge of the interlayer cation. When the water content in the clay is low, the 
Brønsted acidity is maximized because of less dissipation of ionic charge of the interlayer 
cation by water molecules (Bodoardo et al., 1994). Similarly, when the interlayer Na+ and 
Ca2+ ions are exchanged with highly polarizing cations such as M3+, the dissociation of the 
water molecules in the coordination sphere is facilitated (Mc Cabe, 1996). The Brønsted 
acidity of the clay materials can be optimized by suitable choice of the pretreatment 
temperature or dehydrating the clay particles under vacuum. However, care has to be taken 
not to overheat the samples as this may lead to the collapse of the clay structure.  
The other source of acidity of the clay materials is the structural hydroxyl groups present in 
the octahedral layers. These hydroxyl groups protrude through the hexagonal rings of the 
silicate layer into the clay interlayer. Several varieties of hydroxyl groups have been 
identified on the clay layers by FTIR spectroscopy (Bodoardo et al., 1994; Liu et al., 2013). 
These hydroxyl groups differ in the chemical environment around them and consequently 
exhibit acidic property of different strength (Fig. 1.5).  
Mn
+
 
2 - 3 Å 
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Figure 1.5 Type of hydroxyl groups and their IR band positions in clay structure 
(Bodoardo et al., 1994). 
The number of hydroxyl groups in the clay octahedral layer can be increased by preparing 
proton exchanged clays. The clay materials can be exchanged with ammonium ions which 
upon heat treatment at 200-300oC expels ammonia to form proton exchanged clay. The 
exchanged protons can migrate into the octahedral vacancies of the dioctahedral clays and 
protonate the bridging oxygens in the clay resulting in structural hydroxyl groups (Azzouz et 
al., 2006; Elkhalifah et al., 2013) (Fig. 1.6).  
 
Figure 1.6 Protonation of clay sheets and generation of Brønsted acidity. 
Clay minerals have been used as solid acid catalysts for a variety of organic transformations 
(Mc Cabe, 1996; Varma, 2002; Adams et al., 2006). The inherent Brønsted acidic nature of 
clay combined with the restricted environment in the clay interlayer has been used to carry 
out many shape selective reactions. Reactions requiring both Lewis and Brønsted acidic sites 
are catalyzed by clay materials. Clays intercalated with transition metal cations can also 
catalyze redox and photochemical transformations. As pointed out before, both the structural 
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hydroxyl groups and the interlayer water molecules act as source of acidity for clay materials. 
Ion exchanged and protonated clays have been used as catalysts for several organic reactions 
requiring Brønsted acidic sites (Vaccari, 1999). Montmorillonite clay containing Zn2+, Al3+ 
and Fe3+ ions in the interlayer had been utilized as catalyst for hydroxyalkylation of p-cresol 
by formaldehyde (Jha et al., 2013). Shimizu et al. had synthesized different cation exchanged 
K-10 montmorillonite clay and examined their catalytic activity for acetylation of alcohol 
(Shimizu et al., 2008). Clay containing M3+ type ions (Ce3+, Al3+, Fe3+) in the interlayer have 
been demonstrated as efficient catalyst for acetalization of carbonyl compounds with 
methanol (Thomas et al., 2011). Further the ion exchanged montmorillonite have been 
effectively used for ring-opening polymerization of lactones (Hachemaoui and Belbachir, 
2005).  Clays treated with mineral acids have been used as solid acid catalysts for glycerol 
dehydration (Zhao et al., 2013), isomerisation of α-pinene (Yadav et al., 2004) and selective 
catalytic reduction of nitric oxide (Chmielarz et al., 2012).  Vijay kumar and Ranga rao have 
utilized the montmorillonite K-10 as support for ZrOCl2. 8H2O. The prepared catalyst had 
been catalytically examined for the synthesis of 3,4-dihydropyrimidin-2(1H)-ones/thiones 
(VijayKumar and RangaRao 2012a). Beside the above mentioned reactions clays have been 
used for a number of reactions requiring Brønsted acid sites such as Beckmenn 
rearrangement (Mitsudome et al., 2012), formation of cyclic anhydrides (Mc Cabe, 1996), 
heterocyclic synthesis (Varma, 2002) and Claisen rearrangements (Castanheiro et al., 2009). 
1.4 DISADVANTAGES OF CLAY MATERIALS AS CATALYSTS 
Although clay materials are used as solid acid catalysts for variety of organic reactions, they 
possess certain inherent disadvantages, which limit their application in heterogeneous 
catalysis (Figueras, 1988; Gil et al., 2000a). Extensive dehydration of the clay sheets takes 
place at high temperatures leading to the loss in Brønsted acidity. This limits their application 
as catalysts at higher temperatures. The forces between individual clay sheets are purely 
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electrostatic and Van der Wall type. These forces are very week in nature and cannot retain 
the interlayer space at high temperatures. At elevated temperatures complete collapse of clay 
structure takes place resulting in the loss of Brønsted acidity and shape selective property. 
The interlayer dimension of the clay materials are typically between 3-5 Å, which is smaller 
than the kinetic diameter of most of the bulky reactant molecules. This result in diffusional 
constraints and most of the interlayer catalytically active sites remain unutilized during 
catalysis. Although the clay sheets are stacked along the z-axis in clay crystallite, the 
orientation of the crystallites in the clay particles are highly hectic which is described by 
house of card model shown in Fig. 1.7. During the catalytic processes, only the sites in the 
periphery of the particles are effectively used whereas the sites in the bulk remains unutilized 
due to diffusional constraints. The disorder in the clay structure also results in a decrease in 
the crystalinity of the clay materials and when used under hydrothermal conditions these 
materials are rapidly deactivated due to structural instability. 
      
Figure 1.7 Arrangement of clay sheets in a clay particles (house of card model).   
1.5 MODIFICATION OF CLAY MATERIALS 
 In last two decades, different types of surface as well as interlayer modifications have been 
done to increase the thermal stability, acidity and catalytic properties of clay materials. The 
most important modifications reported in literature are the exchange of interlayer cations by 
inorganic and organic cationic species (Mc Cabe, 1996; Thomas et al., 2011; Dultz et al., 
2012), acid treatment (Chitnis and Sharma, 1997, Komadel and Madejova 2006), supporting 
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active species on clay surface for catalysis (Rhodes and Brown, 1993; Garrido-Ramirez  et 
al., 2012; Meshram et al., 2012), pillaring by inorganic polycations (Gil et al., 2010) and 
preparation of clay-polymer nanocomposite materials (Pavlidou  and Papaspyrides, 2008). 
While the first three processes essentially increase the acidity and catalytic activity, the 
pillaring of clay by inorganic polycations provides a multitude of advantages in terms of 
increasing surface area, microporosity, thermal stability, acidity and catalytic activity. The 
clay-polymer nanocomposites are relatively new class of materials whose catalytic potential 
is yet to be explored fully. However, these materials are known to exhibit superior physical, 
chemical and mechanical properties.  The research work reported in this thesis deals with the 
catalytic application of pillared clay based materials and their modified analogues. The 
following sections provide a detail description of the synthetic methods adopted for pillared 
clay synthesis and their application in various heterogeneous catalytic processes.   
1.6 PILLARING OF CLAY BY INORGANIC POLYCATIONS 
Pillared clays are a class of microporous materials studied extensively in the last decade as 
catalysts and supports for various organic transformations. These materials are prepared by 
exchanging the interlayer cations of the clay materials by inorganic polyoxocationic clusters 
of few molecular dimension  (Cool and Vansant, 1998; Vaccari, 1999; Bergaya et al., 2006b; 
Gil et al., 2008; 2010). The intercalated polycations increase the basal spacing of the clays 
and upon heat treatment they are converted to stable metal oxide clusters. These oxide 
clusters called pillars hold the individual clay sheets and prevent them from collapsing during 
high temperature applications. Two important properties of clay materials are responsible for 
pillaring process to occur.  
1. Swelling in polar solvent: As mentioned previously, the forces between clay layers are 
purely electrostatic. When clay particles are dispersed in polar solvents such as water, solvent 
12 
 
molecules enter into the interlayer of clay and reduce the electrostatic forces. Under such 
conditions the individual clay layers move apart resulting in the swelling of clay minerals. 
2. Exchangeability of the interlayer cations: The negative charges in the clay sheet originate 
from isomorphous substitution in the octahedral layer. However, these charges are not point 
charges but delocalised over the oxygen plane. In the polar solvent, charge delocalisation 
provides considerable mobility to the interlayer cations which can be exchanged by other 
cations. The process of pillaring is shown schematically in Fig. 1.8. 
 
 
 
 
 
                
 
 
 
Figure 1.8 Schematic representation of the process of pillaring of the clay sheets. 
The parent clay containing Na+, Ca2+ and K+ ions in the interlayer are initially dispersed in 
polar solvent such as water which results in the swelling of clay. Under such conditions, the 
inorganic cationic clusters are intercalated into the clay layers. The cationic clusters replace 
the interlayer cations and give rise to the intercalated clay (Gil et al., 2008). Upon 
calcination, the inorganic polyoxoclusters present inside the clay interlayer are converted into 
Na+     Ca2+        K+ Na+ Ca2+ 
K+ Water  
Intercalation of  
polyoxocations 
Calcination   Oxide  
clusters 
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stable oxide clusters. The oxide clusters are chemically bonded to the adjacent clay sheets 
acting as nano-pillars and generate a three dimensional structure with open channels. 
Clay pillared with a variety of inorganic polycations of Al (Letaief et al., 2003; Tomul and 
Balci, 2009; León et al., 2014; Zhou et al., 2014), Zr (Cool and Vansant, 1996;  Gil et al., 
2000b; Colı´n  et al., 2005; Zhou et al., 2010; Gil et al., 2011), Ti (Jagtap and Ramaswamy, 
2006; Bineesh et al., 2011), Cr (Pinnavia et al., 1985; Akçay, 2004), Fe (Akçay, 2004; 
Hadjltaief et al., 2013), Ta (Guiu et al., 1997); V (Choudary and Valli, 1990); Ga (Duong et 
al., 2005); Si (Li et al., 2011) and Nb (Gallo et al., 2006) have been reported in literature. 
These polycations are generally prepared by controlled hydrolysis of the corresponding metal 
cations in solutions (Figueras, 1988). The final property of the pillared clay depends largely 
upon the nature of the polycations which in turn depend upon the method of preparation 
(Figueras et al., 1988; Gil et al., 2000a; Bergaya et al., 2006b).  The different types of 
polycations used for the preparation of the pillared clays are given in Table 1.2. 
Table 1.2 Different types of pillaring species used for preparation of pillared clays. 
 
 
Pillar 
type 
Pillaring species  Reference 
Al 
 
Zr 
 
Fe 
 
Ti 
 
Ga 
 
Cr 
 
Ta 
[Al13O4(OH)24(H2O)12]7+ 
 
[Zr4(OH)8(H2O)16]8+ 
 
[Fe3(OAC)7OH.2H2O]+ 
 
[TiO(OH)x]x + 
 
[Ga13O4(OH)24(H2O)12]7+ 
 
[Cr4O(OH)5(H2O)10]5+ 
 
[Ta8O10(OR)20] 
Shabtai et al., 1984; León et al., 2014  
 
Cool and Vansant, 1996;  Zhou et al., 2010 
 
Mishra et al., 1996;  Hadjltaief et al., 2013  
 
Kooli et al., 1997; Jagtap and Ramaswamy, 2006 
 
Bradley and Kydd, 1993a;  Duong et al., 2005 
 
Pinnavia et al., 1985a;  Akçay, 2004 
 
Guiu et al., 1997 
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The characteristic changes that occur as a result of pillaring include an increase in thermal 
stability, microporosity, surface area and acidic properties of the parent clay. Table 1.3 shows 
a general comparison of the properties of the parent clay and pillared clay materials often 
observed in the literature.  
Table 1.3 Properties of the parent clay before and after pillaring.  
 
 
 
 
 
 
 
 
The evidence of the intercalation of the inorganic polycations into the clay interlayer can be 
obtained from the X-ray diffraction study. Since the size of the polycation (10-15 Å) is higher 
than the individual interlayer ions, the intercalation of the former results in the expansion of 
clay structure in z-direction (Gil et al., 2000a). This expansion results in a shift of the d001 
reflections to lower 2 value. Considerable expansion and desegregation of the of the clay 
materials takes place during pillaring process resulting in materials with high surface area and 
pore volume. It is evident from Table 1.3 that nearly five times increase in the surface area is 
observed for pillared materials. Pillared clays are generally microporous in nature. The 
adsorption isotherm observed for the pillared clays is type-I according to Brunauer, Deming, 
Deming and Teller (BDDT) classification which indicate the presence of micropores (Gil et 
Physical and chemical 
properties 
Parent clay Pillared clay 
Interlayer spacing 
Surface area 
Pore size 
Micropore volume 
Brønsted acidity 
Lewis acidity 
Thermal stability 
2-3 Å 
30-60 m2/g 
4-8 Å 
< 0.02 cm3/g 
0.1-0.2 
0.05-0.1 mmol/g 
< 300oC 
8-15 Å 
200-350 m2/g 
16-25 Å 
> 0.10 cm3/g 
0.4 - 0.6 mmol H+/g 
0.6-0.8 mmol/g 
< 800oC 
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al., 2000a, Sowmiya et al., 2007; Gil et al., 2011; Jalil et al., 2014). The acidic property of 
pillared clay have been studied by several methods such as TPD of ammonia (Arena et al., 
1998), FTIR of the adsorbed basic probe molecules (Bodoardo et al., 1994; Gil and Montes, 
1997), and Breen’s method (Breen, 1991; Mokaya and Jones, 1995). The general conclusions 
arrived at from these studies are: (i) pillared clays are more acidic compared to the parent 
clay materials both in terms of the strength and number of acidic sites; (ii) the oxide clusters 
(pillars) in the clay interlayer are highly defective and contains acidic centres; (iii) pillared 
clay offers both Lewis and Brønsted acidic sites while the parent clay contains mostly 
Brønsted acid sites and (iv) most of the Lewis acid sites are associated with the pillars. IR 
Spectroscopy has been used to discriminate the acidic and nonacidic –OH groups in clay 
minerals. The acidic sites are identified with careful experiments using basic probe molecules 
and deuterium exchange reactions (Bodoardo et al., 1994; Gonçalves et al., 2007). A gradual 
evolution of the Lewis acidic sites with thermal treatment has also been monitored employing 
suitable probe molecule such as pyridine (Gil and Montes, 1997). The Lewis acidic sites in 
the clay are mostly associated with the pillared oxides and the unsaturated cations present in 
the broken edges of the clay. The present work deals with the catalytic application of Al-, Zr- 
and Cr-pillared clay based materials. The following section provides a detail description of 
basic understanding as well as recent progress in the catalytic application of these pillared 
clay materials. 
1.7 Al-PILLARED CLAYS (Al-PIL) 
Among all pillared clay materials, the Al-pillared clay is the most extensively investigated 
system reported in literature. The pillaring solution for the Al-pillared clay contains  
[AlIVAl VI12 O4 (OH)24 (H2O)12]7+ polycationic species (Vaccari,1999; Bergaya et al., 2006b ). 
These polycations are prepared by the partial base hydrolysis of a dilute solution of 
aluminium chloride. In case of Al-pillared clay, it has been clearly demonstrated that the 
16 
 
preparation and concentration of [Al13O4(OH)24(H2O)12]7+ polycation in the pillaring solution 
depends upon several parameters such as degree of hydrolysis, temperature, time of aging, 
concentration of the ion in solution, type of counter ion and method of preparation of the 
pillaring solution (Gil, 2000a; Vicente et al., 2013). The precise control of these parameters is 
necessary to get reproducible results. The [Al13O4(OH)24(H2O)12]7+ polycation has a Keggin 
ion type structure in which one AlO4 tetrahedra is symmetrically surrounded by  twelve AlO6 
octahedra in a dodecahedral coordination (Fig.1.9) (Bergaya et al., 2006b). A moderate 
temperature of 60-80oC, relatively higher (2.5 M) concentration of aluminium ion and OH/Al 
~ 2 favors the formation of this cation in solution (Mrad et al., 1997). 
                                     
Figure 1.9 The structure of [Al13O4(OH)24(H2O)12]7+ ion.  
The bonding interaction between the pillars and the clay layers have been studied extensively 
for the Al-pillared clay. 27Al and 29Si solid state NMR study of clay materials have been quite 
versatile in depicting the structural changes and bonding interactions between the clay sheets 
and pillars (Pinnavia et al., 1985b, Fripiat, 1988; Occelli et al., 2000; Salerno and Mendioroz, 
2002 ). In case of alumina pillared clay, 27Al NMR study indicates that the origin of the layer 
charge (from octahedral or tetrahedral layer) is very crucial for the pillaring process. Plee et 
al (1985) have studied the process of pillaring in two different clays, beidellite, 
[Na0.91(Si7.09Al0.91)IV(Al4)VIO20(OH)4] and hectorite, [Li1.6 (Li1.6 Mg4.4)VI(Si8)IVO2(OH)4]. In 
case of hectorite, the layer charge originates from the octahedral layer and is highly 
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delocalised while in case of beidellite the layer charge originates from the tetrahedral layer 
and is considered as point charge. The downfield shift of the Al octahedral resonance to + 6.8 
ppm in case of pillared hectorite has been interpreted as further polymerization of Al13 
polycation due to its mobility in the clay interlayer facilitated by charge delocalization. In 
pillared beidellite, on the other hand, the moment of the Al13 polycations are restricted due to 
point charges, which results in an Al octahedral resonance at +3 ppm observed normally for 
the Al13 polycations. The bonding interactions between the pillars and clay sheet have also 
been studied by 29Si NMR. These studies indicate that the intercalation of pillars from 
solution is purely an electrostatic process and cannot be considered really crosslinked. 
However, heat treatment at higher temperature results in the formation of covalent bonds 
between the pillars and the clay sheets. It has been proposed that during the process of 
croslinking, some of the SiO4 tetrahedra in the clay structure undergo structural inversion to 
accommodate the Al13 polycationic species (Fig. 1.10) (Occelli et al., 2000). 
 
Figure 1.10 The process of crosslinking of the pillar and the clay sheet (Occelli et al., 
2000). 
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1.8 EFFECT OF SYNTHETIC CONDITIONS ON THE PROPERTY OF Al-
PILLARED CLAY.  
The effect of synthetic parameters on the physicochemical properties of the Al-pillared clay 
has been studied by several authors in literature. Since the synthesis process of pillared clay 
involve multiple steps such as clay dispersion, intercalation of pillaring species, washing, 
drying and calcination steps, each step has to be controlled precisely to get reproducible 
results. Thermally stable Al-P have been obtained using pillaring solution prepared from 
AlCl3 as precursor salt and A1/OH ratio of 2 - 2.5 (Mrad et al., 1997; Zuo and Zhou, 2008; 
Zuo et al., 2011). At lower pH the pillaring solution comprises of monomers and dimers 
along with oligomeric species. At higher pH the precipitation of Al(OH)3 occurs (Hutson et 
al., 1999; Gil  et al., 2000b; Zuo and Zhou, 2008;) . Hence the final pH of the pillaring 
solution was maintained arround 5.6 (Mrad et al., 1997; Gil et al., 2000b).  
Three different preparative strategies have been used for the synthesis of Al13 polycations in 
literature (Vicente et al., 2013). 
(A)  The Al13 polycations have been mostly obtained by partial base hydrolysis of AlCl3 salt 
solution using NaOH or Na2CO3 as base (Gil et al., 2000b; Sivaiah et al., 2010). 
Aluminium Nitrates and sulphates have also been used as precursor for synthesis of 
Al137+ species (Moreno et al., 1997a; Barrera-Vargas et al., 2005). Apart from sodium 
bases other bases such as K2CO3 can also be used for hydrolysis. This method is most 
commonly used in Al-P synthesis. 
(B)  The dissolution of Al metal in the acidic medium such as HCl or acidic AlCl3 solution 
can produce Al13 polycations. Presence of interfering ions can be prevented by using this 
method. 
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(C)  Electrolysis of AlCl3 can yield pure Al13 at OH/Al ratio at 2.4 (Akitt and Farthing, 
1981).  
The intercalation of oligomeric species other than Al13 has also been reported for synthesis 
of Al-pillared clay. Vaughan et al have reported the synthesis of Al-pillared clay by 
intercalation of Al24 and Al26 oligomeric clusters inside the clay interlayer. The Al24 species 
have been synthesized by prolonged thermal aging of Al-pillaring solution whereas Al26 was 
synthesized under ammonia hydrolysis condition that results in condensation of two Al13 
units (Vaughan et al., 1988). 
The intercalation of the pillaring cations inside the clay interlayer is an important step which 
can influence the physicochemical characteristics of the Al-pillared clay. The intercalation of 
the pillaring species is mainly carried out in dilute solution by mixing a clay suspension with 
the pillaring solution and mechanically stirring the mixture for extended period of time. 
Different variations have been studied in literature to optimize the pillaring process.  Since 
the intercalation is a diffusion dependant process, the use of microwave as well as ultrasound 
can expedite the intercalation of the polyoxocation inside the clay interlayer (Katdare et al., 
2000; Olaya et al., 2009a, 2009b; Sivaiah et al., 2010).  Katdare et al. have employed 
ultrasonic method for the synthesis of Al-pillared clay from Na, Ca, and La ion-exchanged 
clay. The ultrasonic method allows faster intercalation of Al-polyoxocations. It was observed 
that intercalation of Al-polycations is faster in Na-clay as compared to other ion exchanged 
clays which is related to the extent of electrostatic interaction between the clay sheet and the 
interlayer cation (Katdare et al., 2000). Similarly, the use of microwave for efficient 
intercalation of the pillaring cations inside the clay interlayer has been reported. The use of 
microwave method considerably shortens the pillaring time (Olaya et al., 2009a, 2009b). 
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A minimum of three washing is required for the better intercalation of the Al-polycations into 
the clay interlayers (Hutson et al., 1999; Aouad et al., 2005; Moronta et al., 2008). Use of 
other precursor salt such as sulphate and nitrate causes incomplete intercalation of the 
cationic species (Mrad et al., 1997). Calcination temperature varies with type of clay material 
used. Hutson et al have studied the effect of various preparative parameters on the 
microporosity of the Al-pillared clay. The microporosity of the Al-P strongly depends on the 
pH of the pillaring solution, calcination temperature and the cation exchange capacity (CEC) 
of the parent clay. At high calcination temperature, sintering and agglomeration of Al2O3 
pillars takes place resulting in a decrease in microporosity. Clay having higher CEC such as 
Cheto bentonite displays well defined microporosity and superior bimodal pore size 
distribution as compared to clay with lower CEC like Wyoming bentonite which is related to 
the pillar density in the clay interlayer (Hutson et al., 1999).  
In recent years, in order to develop commercial processes for synthesis of Al-pillared clay, 
pillaring in concentrated medium has been studied by many authors (Guo et al., 2009; 
Sanabria et al., 2009a; 2009b).  The main approach has been to synthesize the Al-polycation 
from concentrated metal salt solutions for subsequent utilization in Al-pillared clay synthesis 
(Aouad et al., 2006; Chen et al., 2007; Guo et al., 2009; Olaya et al., 2009c; Sanabria et al., 
2009b). Guo et al have synthesized highly concentrated 80% ε-Al13 oligomeric species using 
base hydrolysis and membrane distillation concentration process. The initial pH of the 
pillaring solution used in the concentration process affects the final concentration of the ε-
Al13 species. The initial pH of 5.00 favours the formation of ε-Al13 species (Guo et al., 2009). 
The use of concentrated clay dispersions and microwave or ultrasound irradiation during the 
intercalation step have been performed to yield Al-pillared clay with superior 
physicochemical properties (Olaya et al., 2009a; Sanabria et al., 2009a; Yapar et al., 2009 ).  
Olaya et al. have studied the use of microwave and ultrasound methods for the synthesis of 
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Al-Fe and Al-Fe-Ce pillared clays. The preparation of pillaring solution and their subsequent 
intercalation in to the clay interlayer was carried out in presence microwave and ultrasonic 
waves. The method developed by these authors is found to be advantageous in terms of 
minimum use of water, efficient uptake of Fe and Ce ions and less intercalation time (Olaya 
et al., 2009c). Aouad et al. have performed pillaring process using a mixture of concentrated 
chlorhydrol pillaring solution and montmorillonite in dialysis bag. The mixture was dialysed 
with minimum amount of deionized water thereby introducing the Al-polyoxocations into the 
interlayers of the clay material. This method is found to yield Al-pillared clay with enhanced 
microporosity and is advantageous in terms of the use of less amount of solvent (Aouad et al., 
2005). 
 
1.9 CATALYTIC APPLICATIONS OF Al-PILLARED CLAY 
The Al-pillared clay material because of its higher surface area, uniform microporosity and 
thermal stability has been employed as catalyst for several organic transformation reactions. 
The inherent acidic property of the Al-pillared clay is capable of promoting acid catalyzed 
reactions. Moreover, mixed cationic pillaring with Al- as major component and transition 
metal and lanthanides as minor component has been studied extensively in literature (Gil et 
al., 2000a; 2010a, Vicente et al., 2009; Timofeeva et al., 2011a). The mixed cation pillared 
clay materials have been investigated as catalyst for mineralization of organic pollutants from 
aqueous sources. The interaction of the transition metal with the Al-pillars and the restricted 
environment present inside the clay interlayer have been found to be crucial for the catalytic 
activity displayed by these materials (Herney-Ramirez et al,  2010). Galeano et al. has 
synthesized Al-Fe, Al-Cu and Al-Fe-Cu mixed cation pillared clays, and studied their 
catalytic activity for catalytic wet peroxide oxidation of methyl orange from aqueous 
solutions (Galeano et al., 2010). The presence of Fe in the microenvironment of the pillared 
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clay significantly enhances the wet oxidation process. The interaction between the pillars and 
the Fe3+ ions is crucial for site isolation and their catalytic activity. Pillared clays with 
uniform micropores can be considered as large pore zeolites to carry out many shape 
selective reactions involving large reactant molecules. Alumina pillared clay based catalytic 
systems have been studied for several reactions such as catalytic wet peroxide oxidation, CO 
oxidation, hydroxylation of benzene, hydroformylation of alkenes, epoxidation of 
cyclooctene, oxidation of propene, hydrodechlorination of 4-chlorophenol, hydrogenation, 
and hydrodesulfurization of dibenzothiophene. (Kaspar et al., 1992; Pan et al., 2008; 
Ramaswamy et al., 2008 ; Mata et al., 2009; Gil et al., 2009; Tomul and Balci, 2009; 
Figueiredo et al., 2009; Galeano et al., 2010; Molina et al., 2010; Aznárez et al., 2011; 
Romero-Pérez et al., 2012). In addition to their catalytic properties the pillared clay materials 
have also been evaluated as hydrogen storage materials and as efficient adsorbents for 
removal of dye from aqueous solutions (Gil et al., 2009; 2011). Moronta et al. had compared 
the catalytic activity of Al- and Fe- ion exchanged clay with that of Al/Fe-mixed cation 
pillared clays for isomerisation of 1-butene. The Al/Fe-P exhibit superior catalytic activity 
compared to the ion exchanged clays which have been ascribed to its higher surface area and 
greater acidic strength. The Alumina-iron oxide pillars contain defect centres that contribute 
to the acidity of the material (Moronta et al., 2008). Timofeeva et al. have studied the 
synthesis of propylene glycol methyl ether by condensation of methanol and propylene oxide 
in presence of Al-pillared clay. The activity and the selectivity of the reaction has been 
correlated to the number of acidic sites which in turn depends on the amount of the Al- 
content in the pillared clay (Timofeeva et al., 2011b). Tomul and Balci have carried out CO 
oxidation using Al, Cr and Cr/Al pillared clays as catalyst. They observed that the Al/Cr-
mixed pillared clay is highly active for the reaction and presence of Cr as minor component 
enhances the number of acidic sites in the pillared clay catalyst (Tomul and Balci, 2009). The 
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catalytic wet peroxidation of toluene had been performed using Al/Cu pillared clays. The 
presence of Cu in the pillared clay microenvironment significantly enhances the toluene 
oxidation. Copper being strong electron oxidant favours the homolytic cleavage of H2O2 
thereby enhancing the degradation of toluene (Mojovi´c et al., 2009). Al-Cu, Al-Fe, Al-Cu-
Fe PILC had been utilized as catalyst for deep oxidation of 4-Chlorophenol. The second 
metal plays an important role in selectivity of the product (Zhou et al., 2014). The oxidation 
of industrial dyes reactive black 5 and reactive blue 19 has been reported using Al- Cu PILC 
as catalyst under mild condition. The mixed cation pillared clay shows stable catalytic 
activity without any appreciable leaching of the copper ions. The interaction between the 
alumina pillars and the Cu species has been crucial for the catalytic stability of the pillared 
clay catalyst (Kim and Lee, 2004).  Mixed Al-Fe and Al-Fe-Ce pillared clays have also been 
evaluated for the phenol oxidation reaction in diluted aqueous medium (Letaı¨ef et al., 2003; 
Olaya et al., 2009c). The incorporation of low quantities of Ce and Fe has a beneficial effect 
on the crystallinity, surface area, porosity and catalytic activity of the Al-pillared clay (Olaya 
et al., 2009c). The Fe-Al and Cu-Al pillared clays are also found to be active catalysts for 
deep oxidation of phenols (Barrault et al., 2000). The leaching of copper during the reaction 
was very low for the Cu-Al pillared clays indicating the strong interaction between the copper 
and Al-pillars. 
 
1.10 Al-PILLARED CLAY AS SUPPORT 
Al-Pillared clay due to its high surface area and uniform pore structure have been used as 
effective supports for catalytically active components such as oxides, metals and 
organometallic complexes (Ramaswamy et al., 2002; Issaadi et al., 2006; Sowmiya et al., 
2007; Molina et al., 2009a; 2009b; Kanda et al., 2009; Molina et al., 2010; Aznárez et al., 
2011). The surface acidic property of Al-pillared clay combined with the supported metallic 
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particles has been used for bifunctional catalysis. (Ramaswamy  et al., 2002;  Gil  et al., 
2006; Achma et al., 2008; Bineesh  et al., 2013; Pizarro et al., 2014). In the past few years 
there have been extensive studies on the preparation, characterization and catalytic activity of 
supported mono and bimetallic systems on Al-pillared clays (Gil et al., 2001; Louloudi et al., 
2003; Mishra and RangaRao, 2007; Molina et al., 2009a; 2009b; Gil et al., 2001; Moronta et 
al., 2006; Ranga Rao and Mishra, 2007; Barama et al., 2009; Molina et al., 2010). Many of 
these studies point to the fact that the catalytic efficiency of metallic particles is enhanced 
significantly when disperse in the Al-pillared clay matrix. The interaction between the metal 
and alumina pillar in the clay microenvironment has been crucial for the stabilization of the 
metal particles (Mishra and Ranga Rao, 2007; Molina et al., 2010). The other factor which 
considerable influence the catalytic activity is the dispersion of the metallic particles in the 
Al-pillared clay matrix. The uniform dispersion of the metallic particles exposes more 
number of active metallic sites for catalysis. Pan et al studied the catalytic activity of Cu 
particles supported on Al-PILC for hydroxylation of benzene to phenol. The Al-PILC due to 
its large internal surface and porosity facilitates well dispersion of the Cu metallic species 
exposing more numbers of active metallic sites for the reaction. In comparison with a series 
of conventional support such as silica, alumina and clay, the pillared clay supported catalyst 
show highest catalytic activity (Pan et al., 2008).  Ni-metal supported on Al-pillared 
montmorillonite and saponite has been studied for hydrogenation of benzene (Louloudi et al., 
2003) and CO2 reforming of methane to form synthesis gas (Wang et al., 1998). The Ni 
particles present near the acidic sites of the pillared clays are highly active for the 
hydrogenation of benzene. Al-Pillared clay supported noble metals such as Pd, Pt and Rh 
have been explored as catalyst for catalytic reduction of nitric oxide, propene combustion, 
combustion of methyl ethyl ketone, hydrogenation of phenyl alkyl acetylenes, hydrogenation 
of adipic ester, oxidation of aromatic VOCs and deep oxidation of benzene (Gil et al., 2001; 
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Mar´ın-Astorga et al., 2005; Zuo and Zhou, 2006; Figueiredo et al., 2008; Oliveira et al., 
2008; Molina et al., 2009b; Azna´rez et al., 2011). The catalytic activity of Rh/Al-PILC has 
been studied for the hydrodechlorination of 4-Chlorophenols using molecular hydrogen and 
formic acid as hydrogen source. The Rh/AL-P material shows well dispersion of the metallic 
species and stable catalytic activity upto 3 cycles without leaching of the Rh metal during the 
hydrodechlorination process (Molina et al., 2010). Pd/Al-PILC modified with 1 wt% CeO2 
has been employed as catalyst for the combustion of propene. Ceria as additive partially 
blocks the microporous volume of the catalyst and interacts with the Pd to form new metallic 
species that enhance the catalytic property of the Al-PILC supported Pd metal (Aznárez et al., 
2014a). Gold nanoparticles supported over mixed Ce-Fe-Al-pillared clay materials have been 
studied as catalyst for CO oxidation. The size of the gold particles on the pillared clay 
depends on the nature of clay used. Among different clay materials studied the Al-pillared 
bentonite show well dispersed gold nanoparticles of smaller size and enhanced catalytic 
activity for CO oxidation (Álvarez et al., 2012). Fontana et al. have carried out the 
hydrogenation of dimethyl adipate using Ru-Sn bimetallics particles supported over different 
reducible oxides and Al-pillared clay. Among different supported system, the Al-pillared clay 
supported system exhibited highest catalytic activity however the selectivity for  –
caprolactone is compromised due to side reactions. The formation of undesired products was 
supressed to a greater extent by deposition of barium on the RuSn/Al-PILC catalyst (Fontana 
et al., 2011). Barama et al. had performed reforming of methane with carbon dioxide to 
synthesis gas using 3-10 wt% Rh, Ni, Pd, Ce metal oxide supported on Al-pillared clays. The 
CO2 reforming of methane proceeds effectively on 3% Rh/AL-PILC and 10% Ni/Al-PILC 
catalysts. The activity of catalysts has been be correlated with the accessible metal surface 
area. The Al-pillared clay as support stabilizes the metallic or oxidic sites, which in turn are 
responsible for catalyst activity (Barama et al., 2009). Aznárez et al. had studied the catalytic 
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activity of Pd/Al-P and Pt/Al-P for the oxidation of chlorobenzene. The Pd/Al-P was less 
active for combustion of chlorobenzene and more selective to CO and oxychlorination 
reaction, than their Pt/Al-PILC counterparts. The 0.1 wt% Pt/Al-PILC shows high conversion 
of PhCl with better selectivity compared to other supported catalyst studied for this reaction 
(Aznárez et al 2014b).      
   
Pillared clays have also been used as supports for several catalytically active metal oxides 
which include  MnO2 (Gandia  et  al.,  2002),  MoO3 (Saleno  et  al.,  2001), V2O5 (Vicente  et  
al.,  2003; Bineesh  et al., 2011), V2O5 -WO3 (Long and Yang, 2000)  and CoO (Hayashi  et 
al., 1999). The dispersion  of  the  oxide  components  and  their  catalytic  activity  depend  
upon  the  type  of  clay  material and the pillaring species used. (Salerno et al., 2001; Gil  et 
al., 2006; Zuo et al., 2009; Bineesh  et al., 2013; Zhang et al., 2013b). Gandia et al.  (2002) 
have studied complete oxidation of acetone over MnO2 catalyst supported on a series of Al- 
and Zr-pillared montmorillonites and saponites.  The  MnO2 catalyst  supported  on  
montmorillonite  clay  invariably  shows  better  catalytic  activity  compared  to  saponite. 
Alumina pillared clay has been examined as possible support for MoO3 based HDS catalysts 
(Saleno et al., 2001). A strong interaction between Mo species and alumina pillared clay has 
been observed in the TPR study of the catalyst material. The catalytic activity of sulfated tin 
oxide particles (STO) supported on Al-pillared clay have been studied  for  the  solvent-free  
synthesis  of  3,4-dihydropyrimidin-2(1H)-ones,  thiochromans,  and coumarins (Sowmiya et 
al., 2007). The STO particles are present in a well dispersed form in the pillared clay matrix 
and acidic properties of the pillared clay have been found to supplement the catalytic activity 
of the supported catalyst. Bineesh et al have performed a comparative study of the catalytic 
activity of vanadia nanoparticles supported over Ti-, Zr-, Fe- and Al- pillared clays for 
selective H2S oxidation. Among the four pillared clay employed as support, the vanadia 
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particles supported on Al-pillared clay show highest activity and selectivity of elemental 
sulphur (Bineesh et al., 2013).   
The Al-Pillared clay has also been used as an efficient support to anchor catalytically active 
organometallic complexs (Ramaswamy et al., 2002; Costa et al., 2004; Biernacka et al. 
2007). Ramaswamy et al. have employed ultrasonic technique for immobilising copper-tetra 
decachlorophthalocyanine (Cu-Cl14Pc) complex into the matrix of the Al-pillared clay. 
Ultrasonication method is found to be more effective for immobization of complex than 
normal agitation method as the former helps in better dispersion of the Cu-complex in the 
pores of the Al-pillared clay. The copper phthalocyanine complexes display excellent 
catalytic activity for hydroxylation of phenol to catechol and hydroquinone. The isolated 
copper species present in the pores of Al-PILC serve as active sites to carry out the 
hydroxylation process (Ramaswamy et al., 2002). Immobilisation of Mn(III) salen complexes 
into Al-pillared clay following different methodologies has also been reported. The catalytic 
activity of the Mn(III) salen complex immobilized Al-PILC has been examined for the 
epoxidation of styrene with iodosylbenzene acting as the oxygen source. The catalytic 
material prepared by direct immobilisation method shows greater catalytic efficiency and can 
be reused for several times without leaching of the active phase (Biernacka et al. 2007). 
Table 1.4 summarizes some of the recent catalytic studies performed using Al-pillared clay 
materials and their modified analogues.  
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Catalyst Interlayer 
spacing (Å) 
Surface area 
(m2/g) 
Reaction Reference 
Fe-Al-P 16.7 210 4-chlorophenol oxidation  Zhou et al., 2014 
Pd/Al-P -- 172 HDC/HDN of 4-chloronitrobenzene Pizarro et al., 2014 
Ce-Pd/Al-P -- 58 Combustion of propene Aznárez et al., 2014a 
Al-P 18.5 279 Thiabendazole removal  Jalil et al., 2014 
Cr-Al -P 9.8 84 Oxidative dehydrogenation of propane  León et al., 2014 
Fe2O3/Al-laponite -- 413 Oxidation of H2S Zhang et al., 2013b 
V2O5/Al-P 17.6 170 Oxidation of H2S Bineesh  et al., 2013 
Au/Ce-Fe-Al -P 18.3 104 CO oxidation Álvarez et al., 2012 
Al-P 18.0  203 Synthesis of propylene glycol methyl ether Timofeeva et al., 2011b 
Rh/Al-P 19.2 205 HDC of 4-chlorophenol Molina et al., 2010 
Cu-Al-P 15.8 -- Toluene oxidation  Mojovi´c et al., 2009 
Pd/Al-P 18.6 182 HDC of 4-chlorophenol Molina et al., 2009a 
Cr-Al-P 17.2 96 CO oxidation Tomul and Balci, 2009 
Ni-Al-P 18.0 113 Reforming of methane Barama et al., 2009 
Table 1.4  Catalytic applications of Al-pillared clay based catalytic materials. 
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Al-P  16.4 176 Isomerisation of 1-butene Moronta et al., 2008 
Cu/Al-P 18.2 123 Wet H2O2 oxidation of tyrosol Achma et al., 2008 
Pt/Al-P 18.0 162 Hydrogenation of adipic ester  Figueiredo et al., 2008 
Cr/Al-P 17.1  156 Oxidation of chlorobenzene or xylene Oliveira et al., 2008 
CuPd/Al-P 18.2  -- Nitrate reduction Ranga Rao and Mishra, 2007 
MnO2/Al-P 20.5  280 Oxidation of acetone Gil  et al., 2006 
Pd-Ce/Al-P 18.2 238 Oxidation of  benzene Zuo and Zhou, 2006 
CoMo/Al-P 16.0 84 Dehydrogenation of ethylbenzene Moronta et al., 2006 
Pd/Al-P 17.0 154 Hydrogenation of phenyl alkyl acetylenes Mar´ın-Astorga  et al., 2005 
Cu-Al-P 18.0 147 Reactive dyes oxidation  Kim and Lee, 2004 
Al-P Wyoming 
montmorillonite 
Al-P bentonite 
17.5 
 
17.5 
297 
 
205 
Hydroxylation of phenol 
 
Hydroxylation of phenol 
Letaı¨ef et al., 2003 
 
Letaı¨ef et al., 2003 
phthalocyanine/Al-P 19.3  135 Hydroxylation of phenol Ramaswamy  et al., 2002 
Pt/Al-P -- 132 Combustion of methyl-ethyl-ketone Gil et al., 2001 
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1.11 Zr-PILLARED CLAY 
The Zr-pillared clay is another class of pillared clay material which has been extensively 
investigated as catalyst and support for carrying out a variety of organic transformation 
(Gand´ıa et al., 2002; Jinjun et al., 2005; Sadykov et al., 2006; Mnasri-Ghnimi and Frini-
Srasra, 2014). The Zr-pillared clays are generally prepared by intercalation of 
[Zr4(OH)8(H2O)16]8+ oligomeric cationic species into the clay interlayer. The aqueous 
chemistry of zirconium salt solutions has been studied earlier by many authors (Muha and 
Vaughan, 1960; Clearfield, 1964; Singhal et al., 1996).  Zirconium ion is known to form stable 
tetrameric species in moderately concentrated and acidic solutions with structural formula 
[Zr4(OH)8(H2O)16]8+ and size 0.89 x 0.89 x 0.58 nm3 ((Fig. 1.11).  
 
 
Figure 1.11 Structure of the [Zr4(OH)8(H2O)16]8+ pillaring polycation 
These tetrameric species are well characterized in solution and are considered to be the major 
oligomeric species present in the pillaring solution (Vaccari, 1998; Cool and Vansant, 1996; 
Singhal et al., 1996). The structure of the complex ion in solution is described as square 
 
OH- 
Zr4+ 
H2O 
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planar with Zr4+ ions located at the corners of the square which are joined by two bridging 
OH ions along each edge (Muha and Vaughan, 1960; Bartley, 1988; Mompean et al., 2005)  
The eight-fold coordination of Zr4+ ion is satisfied by the oxygen atoms of four surrounded 
water molecules. Zirconium ions form larger polymeric species in solution upon aging at 
elevated temperature under mild acidic condition (Baes and Mesmer, 1976; Yamanaka and 
Brindley, 1979; Farfan-Torres et al., 1992; Chaabene et al., 2004). It has been observed that 
further hydrolysis of the tetrameric species takes place at elevated temperature to generate 
larger cationic clusters. This aspect of zirconium ion aqueous chemistry has been exploited in 
pillared clay synthesis to generate Zr-pillared clay materials with different gallery height and 
porosity.  Zr-pillared clay with different degree of hydrothermal stability, crystalline nature 
and interlayer expansion have been prepared by using thermally aged, refluxed and 
hydrothermally treated Zr-pillaring solutions (Ohtsuka et al., 1993; Cool and Vansant, 1996, 
Mishra and Ranga Rao, 2003; Bineesh et al., 2012). The physiochemical properties of the Zr-
pillared clay material depends on several factors such as the genesis of the polycation, 
method and pH of intercalation, Zr/Clay molar ratio used in intercalation process, washing, 
drying and calcination steps (Bartley, 1988; Awate et al., 2001; Mishra and Ranga Rao, 2003; 
Guerra et al., 2008; Mnasria and Frini-Srasra, 2013).  It has been observed that thermally 
stable Zr-pillared clay can be synthesized using pillaring solution with pH ~2.7. When the 
pillaring is performed under highly acidic condition, delamination of the clay occurs which 
prevents the fixation of the pillars to the clay sheet (Sun Kou et al., 1998; Kloprogge, 1998; 
Mnasria and Frini-Srasra, 2013).  Similarly, the Zr/clay ratio used in pillaring process has an 
impact on the final properties of the Zr-pillared clays (Sun Kou et al., 1998; Guerra et al., 
2008). If the Zr/clay ratio is < 2meq/g, then uneven distribution of the pillars in the clay 
matrix takes place resulting in material with low thermal stability. Similarly, for Zr/clay ratio 
>20 meq/g of clay, delamination of the clay takes place and instead of pillaring, amorphous 
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zirconia particles are intercalated into the clay (Sun Kou et al., 1998). The ageing 
temperature and time of the pillaring solution is a crucial factor which influences the porosity 
as well as interlayer spacing of the Zr-pillared clay (Farfan-Torres et al., 1992; Mishra and 
Ranga Rao, 2003; Chaabene et al., 2004). As stated earlier further hydrolysis and 
polymerization of the tetrameric species takes place at elevated temperature.  Upon aging the 
pillaring solution at elevated temperature, Zr-pillared clay with different gallery height has 
been synthesized (Ohtsuka et al., 1993; Mishra and Ranga Rao, 2003). Tomul had 
synthesized cerium modified Zr pillared clays by following conventional as well as ultrasonic 
intercalation methods. The ultrasonic treatment considerably decreases the time period for Zr-
P synthesis. Nevertheless the textural characteristics of the pillared clays obtained from both 
methods are similar. It is observed that on modification with Ce, the Ce-Zr-P prepared by 
ultrasonic method shows higher number and strength of acidic sites as compared to Ce-Zr-P 
prepared using conventional method (Tomul, 2011).  The intercalation time can also be 
reduced by applying microwave radiation. Zr-pillared clay with well-ordered structure has 
been synthesized by MW induced intercalation of the pillaring species with in an exposure 
time of 10-30 min.  However, MW irradiation does not have significant impact over the 
textural and chemical properties of the Zr-P (Fetter et al., 2003). Drying of the as synthesized 
pillared clay materials have been done using freeze, vacuum and air drying. The drying and 
washing steps also influences the physicochemical properties of the pillared clay. The Zr-P 
materials with greater microporosity and higher basal spacing have been synthesized, when 
methanol is used as a solvent to remove excess water during washing step followed by drying 
at lower temperature. The methanol treatment promotes stacking of the polymeric clusters in 
the clay interlayer (Bartley, 1988).  
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1.12 Zr-PILLARED CLAY AS CATALYST AND SUPPORT 
Zr-pillared clay and their modified analogues due to high surface area, uniform pore size 
distribution, and acidic property have been investigated as catalyst and support for several 
organic transformations (Awate et al., 2001; Molina et al., 2006; Anisia and Kumar, 2007; 
Guerra et al., 2008). The catalytic efficiency of Zr-pillared clays has been modified by mixed 
cation pillaring, grafting sulphate ions and supporting various metallic and oxidic phases 
(Gand´ıa et al., 2002; Sadykov et al., 2006; Jinjun et al., 2005; Samantaray et al 2011; 
Mnasri-Ghnimi and Frini-Srasra, 2014). The mixed cationic pillaring offers advantages in 
terms of increase in its thermal stability as well as number of acidic sites (Hao et al., 2003; 
Molina et al., 2006; Guerra et al., 2008b). Grafting sulphate species onto the zirconia 
nanopillars enhances significantly the acidic property of the pillared clay material (Chaabene 
et al., 2004; Samantaray et al 2011; Fatimah et al., 2014). Guerra et al. have studied the 
alkylation of benzene using oleifins as alkylating agent over Zr-pillared clay materials 
prepared from Brazilian montmorillonite and Wyoming clays. The TPD study of Zr-P 
materials indicates that the pillared montmorillonite has less number of acidic sites as 
compared to pillared Wyoming clay material. The Zr-pillared Wyoming clay shows higher 
selectivity for the monoalkylated products (Guerra et al., 2008). The catalytic activity of Al-
Zr-mixed pillared vermiculite materials have been studied for isomerization and 
hydrocracking of n-decane.  The mixed pillared vermiculite obtained by subjecting the parent 
vermiculite to hydrothermal treatment followed by intercalation of Al-Zr mixed polycations 
are thermally stable and display excellent catalytic activity (Campos et al., 2008).  The 
catalytic application of various Zr-pillared clay based materials is presented in Table 1.5.  
In addition to synthesis of molecules with industrial utility, Zr-pillared clay materials have 
also been used as catalyst for synthesis of bioactive molecules and heterocycles. Singh et al 
have studied the synthesis of tetrahydropyrans by cyclization of various symmetrical 1,n-
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diols using Zr-pillared clay as catalyst following conventional method as well as microwave 
irradiation. The Zr-P material was more active compared to KSF and K-10 catalyst. The 
elimination of diffusional constraints due to structural expansion and the increase in number 
of Lewis acidic sites due to pillaring has been proposed to be responsible for higher catalytic 
activity (Singh et al., 2004b). Similarly, the synthesis of biologically important 
dihydropyrimidinone (DHPM) moieties by multicomponent one pot condensation of aryl 
aldehyde, ethyl acetoacetate and urea is catalysed by Zr-pillared clay. The enhanced acidity 
of the clay material achieved due to pillaring has been responsible for the catalytic activity 
(Singh et al., 2006). Samantaray et al have studied the synthesis of -aminocarbonyl 
compounds by multicomponent condensation of aryl aldehydes, substituted aniline and 
acetophenone over modified zirconia pillared clay in aqueous media. It has been observed 
that treatment of the Zr-pillared clay material with mild sulphuric acid followed by 
supporting phosphomolybdic acid over the surface of Zr-pillared clay significantly enhances 
its catalytic activity (Samantaray et al 2011). Mnasri-Ghnimi and Frini-Srasra have studied 
the catalytic activity of the Ce3+ intercalated mixed Al-Zr pillared clay for 1,3-dioxolane 
synthesis from the reaction between ethylene glycol and acetone. The pillared clays 
containing Zr-polyoxocations as major pillaring species have greater catalytic efficiency than 
that of Al-pillared clays. The addition of Ce3+ to the Zr pillared clays increases the yield of 
the product which is correlated with the acidity of the pillared clays (Mnasri-Ghnimi and 
Frini-Srasra, 2014). The ensuing discussion on the catalytic application of Zr-pillared clay 
indicate that, these materials have promising application potential in catalysis involving 
synthesis of biologically important molecules. 
Beside the application of Zr-Pillared clay as catalyst, it has also been used as an efficient 
support for catalytically active phases.  In many cases, the acidic sites of the Zr-pillared clay 
work synergistically with catalytically active phases.  The Zr-pillared clay has been used as 
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support for noble and transition metal, oxides, sulphides and organometallic complexes (Hao 
et al., 2003; Colı´n L. et al., 2005; Anisia and Kumar, 2007; Shen et al., 2014). Hao et al. 
have studied the catalytic reforming of methane with carbon dioxide using nickel particles 
supported over Zr-pillared laponite clay. The Zr-pillared clay material was synthesized from 
a structurally expanded clay material where polyethylene oxide is used as structure expansion 
agent. The Zr-pilared clay prepared by this method show enhanced surface area and pore 
volume compared to conventional Zr-pillared clays. The Ni/Zr-P material show higher initial 
conversion and long-term stability for the reforming reaction (Hao et al., 2003). Molybdenum 
sulfide (MoS2) particles supported over Al- and Zr-pillared clays (MoS2/Zr-P) have been 
evaluated as catalyst for hydrogenation of naphthalene. MoS2 catalysts supported on Zr- 
pillared clays were more active than the samples supported on Al-pillared clays and pure 
alumina support.  The higher hydrogenation activity of the MoS2/Zr-P has been ascribed to 
the presence of small MoS2 nanoparticles particles interacting strongly with the zirconia 
pillars (Colı´n L. et al., 2005). Issaadi and Garin have compared the catalytic activity of 
palladium particles supported over sulphated Zr-pillared clay, Al-pillared clay and alumina 
for hydroisomerisation of hexane. The Pd/SZr-P material found to exhibit highest catalytic 
activity with >98% selectivity to isomerized product. The synergetic effect between the 
acidic site of the support and the active Pd species has been invoked to explain the catalytic 
activity (Issaadi and Garin, 2003). Similarly, vanadia particles supported over Zr-pillared clay 
show excellent catalytic activity for the oxidation of hydrogen sulphide with good selectivity 
to elemental sulphur (Bineesh et al., 2012).  
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Table 1.5  Catalytic applications of Zr-pillared clay based catalytic materials. 
Catalyst Basal 
spacing 
(Å) 
Surface 
area 
(m2/g) 
Catalytic study Reference 
SO42- /Zr-P -- 287 conversion of citronellal to 
isopulegol  
Fatimah et al., 
2014 
Ce-Zr-P 19.3 180 synthesis of 1,3-dioxolane Mnasri-Ghnimi and 
Frini-Srasra, 2014 
V2O5/Zr-P ~46 228 Oxidation of H2S Bineesh et al., 2012 
H3PMo12O40/ 
SZr-P 
18.8 132 synthesis of β-minocarbonyl 
compounds 
Samantaray et al., 
2011 
Zr-P (Brazilian 
clay) 
23 206 Alkylation of benzene Guerra et al., 2008 
Zr-P (Wyoming 
clay) 
23.2 217 Alkylation of benzene Guerra et al., 2008 
Fe-Cu /Zr-P -- 99 Oxidation of cyclohexane Anisia and Kumar, 
2007 
Zr-P 21 224 Synthesis of 
dihydropyrimidinones 
Singh et al., 2006 
Zr-P 1.77 192 Catalytic wet peroxide 
oxidation of phenol 
Molina et al., 2006 
Fe-Zr-P 1.83 211 Catalytic wet peroxide 
oxidation of phenol 
Molina et al., 2006 
Pt-Cu/Zr-P - - NOx selective catalytic 
reduction by propylene and 
decane 
Sadykov et al., 
2006 
Ce-Zr-P 19.2 117 cyclohexanol dehydration Mishra and Ranga 
Rao, 2005 
Pd/Zr-P 
(laponite) 
- 474 oxidation of benzene Jinjun et al., 2005 
Zr-P 21 224 acylation of 1,n-diols Singh et al., 2004b 
Zr-P 21 224 monotetrahydropyranylation 
of diols and alcohols 
Singh et al., 2004a 
SO42-/Zr-P - 267 isopropanol dehydration and 
isomerization of n-hexane 
Chaabene et al., 
2004 
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Ni/Zr-P - 371.9 methane reforming with 
carbon dioxide 
Hao et al., 2003 
MnO2/Zr-P 
(saponite) 
- 280 oxidation of acetone Gand´ıa et al., 2002 
Zr-P  17 272 Phenol hydroxylation Awate et al., 2001 
V2O5/ Zr-P 11.6 99 Oxidative dehydrogenation of 
propane 
Bahranowski et al., 
2000 
 
1.13 Cr-PILLARED CLAYS 
The previous sections described the physicochemical properties and catalytic application of 
Al- and Zr-pillared clay materials. The other class of pillared clay material which has 
attracted significant attention form researchers is chromia-pillared clay for their wide 
application in catalysis (Skoularikis et al., 1988; Storaro et al., 1997; Akçay, 2004; 
Gyftopoulou et al., 2005; Mata et al., 2007; Tomul and Balci, 2009; León et al., 2014). Cr-
pillared clay is prepared by intercalating hydroxy chromium oligomeric cationic clusters into 
the interlayer of the clay material. The physicochemical characteristics of Cr-P is tailored by 
various factors such as methods of preparation, type of clay used, strength of the base used, 
stochiometry ratio of base to Cr ions (n), stochiometric coefficient of Cr ion to clay and the 
ageing temperature and time (Pinnavaia et al., 1985a; Tzou and Pinnavaia, 1988; Volzon et 
al., 1993, Kirksi et al., 1997; Akçay, 2004). Various salts of chromium such as chloride, 
nitrate, acetylacetonate, acetate and chlorite have been widely used as precursor for 
preparation of the chromium pillaring solution (Lopez et al., 1993; Mata et al., 2007; 
Yurdakoc et al., 2008; Arafoui et al., 2009,). Base hydrolysis of the chromium salt leads to 
formation of different types of polyoxocations such as [Cr2(OH)2(H2O)8]4+ (dimer), 
[Cr3(OH)4(H2O)9]5+ (trimer), [Cr4(OH)6(H2O)11]6+ (open tetramer) [Cr4(OH)5O(H2O)10]5+ 
(closed tetramer), or even hexamers (Carr, 1985; Toranzo et al., 1997;  Mata et al., 2007). 
Non complexing bases such as NaOH and Na2CO3 have been used to carry out the partial 
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base hydrolysis of the Cr salt solution (Sychev et al., 1997a; Kirksi et al., 1997; Dubbin et 
al., 1999; Roulia 2005). However use of strong base such as NaOH causes precipitation of 
Cr(OH)3 phase.  Precipitation of chromium hydroxide in the pillaring solution can be 
prevented by using milder base such as Na2CO3 or by decreasing the concentration of NaOH 
(Tzou and Pinnavaia, 1988). The extent of formation and size of the oligomeric cluster in the 
pillaring solution depends on the ageing time and temperature. The hydrolysis of the Cr ions 
is a slow process at room temperature. However, at elevated temperature (60-90oC), the 
hydrolysis process is completed within one or two days (Tzou and Pinnavaia, 1988; Drljaca 
et al., 1997; Sychev et al., 1997a; Arafoui et al., 2009). Pillaring solution containing larger 
oligomeric clusters in significantly higher amount can be obtained by carrying out the 
hydrolysis under reflux condition using mild base as hydrolysing agent (Pinnavaia et al., 
1985a; Lopez et al., 1993). The Cr-polyoxocations have also been prepared by quick addition 
of both NaOH and HClO4 to a Cr salt solution followed by refluxing to generate higher 
amount of oligomeric clusters in the pillaring solution (Drljaca et al., 1997; Roulia, 2005). 
Other acids such as HCl and HNO3 have also been used in place of HClO4 (Roulia, 2005). 
The addition of both base and acid reduces the ageing period. The base/Cr (n) ratio regulates 
the hydrolysis process and generation of the polycationic species (Brindley and Yamanaka, 
1979; Carr, 1985). Pillared clays with high interlayer spacing (23-27.6 Å) are obtained when 
the base/Cr ratio in the range of 1.5-2.5 is used in hydrolysis process (Tzou and Pinnavaia, 
1988; Arafoui et al., 2009). The effect of stoichiometric coefficient (mmol Cr/clay) on the 
textural properties of Cr-pillared clay has been studied by several authors (Volzone, 1995; 
Gyftopoulou et al., 2005).  Cr-pillared smectites have been synthesized using Cr/Clay molar 
ratio in the range 0.5- 20 mmol/g. With increase in Cr/clay ratio, thermal stability and basal 
spacing of the Cr-P was found to increase with an optimum value of 20.7 Å obtained at 20 
mmol Cr/g of clay (Volzone, 1995). Tzou and Pinnavia have synthesized Cr-P clay with basal 
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spacing of 27.6 Å using the Cr/clay ratio of 50 mmoL/g from a thermally aged (95oC) 
pillaring solution (Tzou and Pinnavaia, 1988). Clay materials differing in composition, 
structure and layer charge density have been used for the preparation of the Cr-pillared clays 
(Volzone, 2001; Gyftopoulou et al., 2005; Yurdakoc et al., 2008; Tomul and Balci, 2009). 
The Cr uptake depends significantly on the layer charge density which in turn affects the 
thermal stability and textural property of the Cr-pillared clay material (Tomul and Balci, 
2009).   
Cr-pillared clays display Lewis acidic centres as well as enhanced microporous character 
compared to other pillared clay materials (Auer and H. Hofmann, 1993; Sychev et al., 1997b; 
Akçay, 2004). These properties of Cr-pillared clay have been exploited for its application as 
heterogeneous solid acid catalyst for various organic transformations.  Cr-pillared clays have 
been used as catalyst to carry out various shape selective reactions such as methylation of 
toluene, hydrocracking of heavy fuels, propene oxidation, n-decane cracking, acylation of 
alcohol, oxidation of chlorinated hydrocarbon and carbon monoxide (Skoularikis et al., 1988; 
Storaro et al., 1997; Akçay, 2004; Gyftopoulou et al., 2005; Mata et al., 2007; Binitha and 
Sugunan, 2008; Tomul and Balci, 2009). The sulfidation of the Cr-pillared clay has also been 
done to generate sulfided chromium pillared clays which has been employed as catalyst for 
the hydrodesulfurization of thiophene and hydrogenation of butane (Sychev et al., 1995). 
Sychev et al. observed that sulfided Cr-pillared bentonite shows better catalytic activity than 
Cr-pillared sulfided K-10 catalyst (Sychev et al., 1995). Gyftopoulou et al have studied the 
catalytic activity of Cr-pillared laponites and montmorillonite clay for hydrocracking of coal 
derived hydrocarbons. The open channels of the pillared clay combined with the expanded 
interlayer facilitate the diffusion of bulky substrate molecules to the reactive sites in the clay 
interlayer (Gyftopoulou et al., 2005). The synergistic effect between the active sites of the 
chromia pillars and clay layers have been invoked to explain the activity for hydrocracking 
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process (Bodman et al., 2003, Gyftopoulou et al., 2005). Binitha and Sugunan have carried 
out shape selective toluene methylation using Cr-pillared and mixed Cr/Zr-P, Cr/Al-P and 
Cr/Ti-Al-P as catalyst. The pillared clay materials are more selective towards the p-xylene 
which has been explained in terms of restricted lateral space between the pillars. The thermal 
stability and recyclability of the chromium pillared clays is enhanced in presence of Zr, Al, Ti 
as second pillaring component (Binitha and Sugunan, 2008). Tomul and Balci have employed 
Cr/Fe bentonites for wet peroxide oxidation of phenol. The catalytic activity of the Fe/Cr-
pillared bentonites is regulated by the number and distribution of the active sites on the 
surface of the catalyst (Tomul and Balci, 2009).  Leon et al have observed that the Cr-Al- 
mixed pillared clays show excellent catalytic activity for propane dehydrogenation. The have 
identified the Cr-Al-O bond at the pillar-clay junction as the active sites which are highly 
selective for propylene formation (Jibril, 2004; León et al., 2014). Vicente et al. have studied 
the dehydrogenation of ethylbenzene employing Al–Cr-pillared saponites as catalyst. The 
catalyst activity of the mixed cation pillared clay correlate well with the Al/Cr ratio in the 
interlayer. The introduction of the mixed cation pillars increases the surface area of the 
saponite clay, thereby exposing the Brønsted and Lewis acidic sites for the substrate 
molecules. Increase in Al content in the pillars enhances the selectivity towards styrene, 
whereas increase in Cr content leads to cracking activity (Vicente et al., 2002). Mishra and 
Parida prepared sulphate grafted Fe-Cr mixed pillared clay and examined their catalytic 
activity for methanol dehydration. At a sulphate loading of ≤ 2wt%, new Lewis acidic sites of 
higher strength are generated in the pillared clay leading to improved catalytic activity.  
When the sulphate loading is increased further, partial blocking of the pores of the pillared 
clay was observed with a consequent decrease in surface area and catalytic activity of the 
pillared clay (Mishra and Parida, 2006). The catalytic applications of various Cr-pillared clay 
based materials are listed in Table 1.6.  
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Table 1.6  Catalytic applications of Cr-pillared clay based catalytic materials. 
Catalyst  Basal 
spacing (Å) 
Surface 
area (m2/g) 
Catalytic study Reference 
Cr-P 9.5 57 oxidative dehydrogenation 
of propane 
León et al., 2014 
Al-Cr-P 18 257 CO oxidation Tomul  and  Balci, 
2009 
Zr-Cr-P 20.4 125 toluene methylation Binitha and 
Sugunan, 2008 
Al-Cr-P 17.2 240 propene oxidation Mata et al., 2007 
Cr-P 15.9 - Hydrocracking of heavy liquid 
fuels  
Gyftopoulou et al., 
2005 
SO42-/Fe-Cr 
P 
18.1 228 Methanol conversion Mishra and Parida, 
2006 
Fe-Cr-P 10.5 67.6 Acylation of alcohols with acetic 
acid 
Akçay, 2004 
Al-Cr-P 19.9 310 Dehydrogenation of ethylbenzene Vicente et al., 2002 
Cr2S3-P 26.3 278 thiophene hydrodesulfurization Sychev et al., 1997 
Cr-P 15.2 353 deep oxidation of methylene 
chloride 
Storaro et al., 1997 
Cr-P 17.8 286 Nitration of chlorobenzene Mishra et al, 1997 
Cr-P - 279 toluene disproportionation Auer and Hofmann, 
1993 
Cr-P - 200 Cumene conversion Bradley and Kydd, 
1993b 
Cr-P - 200 Dehydrocyclodimerization of 
propane 
Bradley and Kydd, 
1993a 
Cr-P 23.6 - Benzylic Oxidation and Oxidative 
Deprotection reactions 
Choudary et al., 
1992 
Cr-P 27 353 Dehydrogenation of cyclohexane  Pinnavaia et al., 
1985a 
 
The literature survey on the three classes of pillared clay (Al-, Zr- and Cr-) presented in the 
preceding sections clearly points to the fact that they are promising catalytic materials for 
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activation and chemical transformation of a variety of small molecules with industrial utility. 
However, the catalytic potential of pillared clay materials in organic synthesis involving 
bulky heterocyclic compounds is yet to be explored fully. The interlayer space of pillared 
clay (~ 1 nm) intermediate between the micropore and mesopore range is ideal for 
construction of bulky molecules. Moreover, the number of acidic sites in pillared clay matrix 
can be enhanced by supporting catalytically active phases as well as by forming 
nanocomposites. In this work, the specific issues concerning enhancement of acidic property 
of pillared clays and their utilization in synthesis of biologically important heterocyclic 
compounds have been addresses. Catalytically active phases with well-defined acidic 
properties such as silicotungstic acid, Sulfonated polyvinyl alcohol and polyphosphoric acid 
have been dispersed in the pillared clay matrix and their interactions with clay structure have 
been investigated. The pillared clay based composite systems have been investigated as 
heterogeneous catalysts for synthesis of biologically important heterocyclic molecules using 
multicomponent condensation approach.  
1.14 OBJECTIVES OF THE PRESENT STUDY 
General objective: 
The broad objective of this study is to apply pillared clays and their novel derivatives for the 
synthesis of the biological important molecules and for detoxification of waste water 
containing halogenated aromatics. 
 Specific objectives: The specific objectives of this work is  
1. To evaluate the applicability of Cr-pillared clay material as heterogeneous catalyst for 
synthesis of biologically potent xanthene derivatives. 
2. To disperse silicotungstic acid nanoclusters (STA) in the micropores of Cr-pillared clays 
(Cr-P) and to evaluate the catalytic activity of the composite catalytic system (STA/Cr-P) 
for synthesis of structurally diverse dihydropryridine molecules. 
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3. To prepare and characterize novel Zr-pillared clay-polyphosphoric acid (ZrP-PPA) and 
Zr-pillared clay-sulfonated poly vinyl alcohol (ZrP-SPVA) composite catalytic system.  
4. Evaluation of catalytic activity of the ZrP-PPA and ZrP-SPVA nanocomposites for 
synthesis of biologically important tetrahydropyridines and hexahydropyrimidines 
molecules, respectively. 
5. Investigation of the catalytic activity of the Pd based mono and bimetallic (Pd-Ni and Pd-
Cu) nanoparticles supported over Al-pillared clay for hydrodehalogenation of 
halogenated aromatic organic pollutants from aqueous phase.  
The results obtained in this investigation are described in the following chapters. 
Chapter 1: This chapter describes the present understanding as well as recent developments 
in synthesis and catalytic application of various pillared clays. Different preparatory 
strategies adopted in literature for the synthesis of alumina, zirconia and chromia pillared 
clays and their impact on the physicochemical characteristics of the pillared clays has been 
presented. The utility of the pillared clay materials in the field of catalysis have been 
emphasized with suitable examples. 
 Chapter 2: This chapter presents the detail experimental procedure adopted for the synthesis 
of chromia, zirconia, alumina pillared clays and their modified analogues. The instrumental 
techniques used for the studying physicochemical characteristics of the prepared materials 
and the method of analysis are briefly explained in this chapter. The experimental method 
employed for synthesis of octahydroxanthenes, benzoxanthenes, dihydropyridines, 
tetrahydropyridines, hexahydropyrimidines and hydrodechlorination of organic pollutants 
from aqueous phase are described. The product analysis protocols are also outlined. 
Chapter 3: This chapter describes the physicochemical characterization and catalytic 
applications of Cr-pillared clay based materials. This chapter is divided into two parts. Part A 
comprises of characterization and catalytic activity of the Cr-pillared clay. The study of 
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physicochemical properties of the Cr-pillared using XRD, FTIR, UV-Vis, TGA and 
sorptometric method is described. The catalytic activity data for the synthesis of 
octahydroxanthenes and benzoxanthene have been presented. Part B deals with the 
characterization and catalytic application of silicotungstic acid nanoclusters supported on Cr-
pillared clay materials. The catalytic activity of the supported system has been studied for the 
synthesis of dihydropyrimidones. 
  
Chapter 4: A detail study of synthesis, characterization and catalytic application of Zr-
pillared clay based composite materials are presented in this chapter. The chapter contains the 
catalytic results of two composite catalytic systems based on zirconia pillared clay. Part A 
deals with study of polyphosphoric acid–Zr pillared clay composite materials and their 
catalytic application for synthesis of tetrahydropyridines. Part B describes the synthesis and 
characterization of sulfonated polyvinyl alcohol (SPVA)-Zr-P composite materials. The 
catalytic application of SPVA-ZrP composite material for the synthesis of 
hexahydropyrimidines is presented.  
Chapter 5: In this chapter the applicability of Al-pillared clay as support for catalytically 
active palladium and palladium based bimetallic particles has been examined and their 
catalytic application in environmental catalysis is presented.  The chapter includes two parts. 
Part A deals with characterization and catalytic application of Pd nanoparticles supported on 
Al-pillared clay (Pd/Al-P). Part B of this chapter explains the effect of second metallic 
component on the catalytic property of supported Pd nanoparticles on Al-pillared clay. The 
catalytic test results for both mono and bimetallic particles supported on Al-P for 
hydrodehalogenation of a variety of halogenated organic compounds is outlined in this 
chapter.  
Chapter 6: The summary of results obtained from various investigations and the major 
conclusions drawn from these studies are presented in this chapter.  
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CHAPTER 2 
MATERIALS AND METHODS 
2.1  PREPARATION OF CLAY BASED CATALYTIC MATERIALS  
Na-montmorillonite [(Na0.35K0.01Ca0.02) (Si3.89Al0.11)tet (Al1.60Fe0.08Mg0.32)oct O10(OH)2. nH2O] 
(Kunipia-F) obtained from Kunimine industries, Japan was used in all the studies reported in this 
thesis. The clay was used as received without any further purification. The cation exchange 
capacity of the clay material was 120 mequiv/100 g clay, which was determined by the method 
described by Fraser and Russel (Fraser and Russell, 1969). 
2.1.1 PREPARATION OF Cr-PILLARED CLAY (Cr-P) BASED CATALYTIC 
MATERIALS 
2.1.1.1 PREPARATION OF Cr-PILLARED CLAY (Cr-P) 
The Cr-pillared clay material was synthesized by intercalation of chromium cationic oligomeric 
clusters into the clay interlayer and subsequent thermal activation. The Cr-pillaring solution was 
prepared by partial base hydrolysis of chromium nitrate (Cr(NO3)3.9H2O) (S.D. Fine chemicals 
Ltd, India) solution using sodium carbonate as base to obtain an OH/Cr molar ratio of 2.0 
(Pinnavaia et al., 1985a; Sychev et al., 1997a). The resulting solution was aged at 90oC for 24 h 
before using in the pillaring process. In a typical pillaring procedure, 2 g of the montmorillonite 
clay was dispersed in 200 ml of deionized water to form 1.0 wt% clay slurry. The pillaring 
solution was then added dropwise (50 ml/h) to the clay slurry under continuous stirring to obtain 
Cr/montmorillonite ratio of 40 mmol/g of clay. The mixture was kept under constant stirring for 
24 h at room temperature, filtered, washed with deionized water (6 times with 200 ml portions), 
centrifuged, dried in hot air oven and calcined at 500oC for 1 h to obtain Cr-pillared clay (Cr-P). 
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2.1.1.2 PREPARATION OF SILICOTUNGSTIC ACID DISPERSED IN THE 
MATRIX OF Cr-PILLARED CLAY (STA/Cr-P). 
The Cr-pillared clay was used as carrier for catalytically active silicotungstic acid (STA). The 
silicotungstic acid was obtained from Loba chemie Pvt. Ltd., India. The 10 wt% STA/Cr-P 
catalyst was prepared by wet impregnation method. Required amount of STA was dissolved in 
50 ml of double distilled water and to this solution 2.0 g of Cr-pillared clay was added. The 
resulting aqueous suspension was stirred for 3 h at room temperature. The temperature was then 
raised to 90oC and was heated continuously under stirring to remove the excess water. The 
resulting material was dried in air at 120oC followed by calcination at 250oC for 1 h to obtain the 
STA/Cr-P material. 
 
2.1.2 PREPARATION OF Zr-PILLARED CLAY BASED CATALYTIC 
MATERIALS 
2.1.2.1  PREPARATION OF ZIRCONIA PILLARED CLAY (Zr-P) 
The Zr-pillared clay material was synthesized by intercalation of the zirconium cationic 
oligomeric clusters into the clay interlayer and subsequent thermal activation. Zirconium 
oxychloride (S. D. Fine Chemicals, India) was used as source for zirconium polycations. The 0.1 
M ZrOCl2.8H2O solution was prepared by dissolving the required amount of salt in double 
distilled water. The solution was aged at 50oC for 24 h to prepare the pillaring solutions. In a 
typical procedure for synthesis of Zr-pillared clay, 5 gm of clay was dispersed in 250 ml of 
double distilled water to form clay slurry. To ensure well dispersion, the clay suspension was 
stirred at room temperature for 2 h followed by sonication for 15 minutes. The pillaring solution 
was then added dropwise to the clay suspension at the rate of 50 ml per hour under continuous 
stirring at room temperature. The mixture was left for stirring under room temperature for 24 h 
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which was subsequently filtered and washed six times with deionised water to remove the 
chloride ions. The obtained gel was air dried at 120oC followed by calcination at 450oC for 2 h to 
obtain the Zr-Pillared clay (Zr-P). 
2.1.2.2 PREPARATION OF POLYPHOSPHORIC ACID-CLAY AND 
POLYPHOSPHORIC ACID-Zr-P COMPOSITE MATERIALS 
2.1.2.2.1 PREPARATION OF POLYPHOSPHORIC ACID DISPERSED IN Zr-
PILLARED CLAY MATRIX (ZrP-PPA) 
2 gm of Zr-pillared clay was dispersed in 50 ml of distilled water and sonicated for 15 minutes. 
0.4 ml of PPA was added to the Zr-P clay slurry under vigorous stirring. Stirring was continued 
for 6 h at room temperature. The solvent was evaporated by heating under vacuum and the 
obtained solid particles were subsequently air dried at 120oC to obtain the ZrP-PPA clay.  
2.1.2.2.2 PREPARATION OF POLYPHOSPHORIC ACID DISPERSED IN PARENT 
CLAY MATRIX (PPA-Clay) 
2 gm of clay material was dispersed in 50 ml of deionized water to form clay slurry. The slurry 
was sonicated for 15 minutes for better dispersion of the clay platelets. 0.4 ml of PPA was added 
to the clay suspension and the suspension was allowed to stir for 6 h. After stirring for the 
required amount of time, the excess water was removed by heating under vacuum. The resulting 
material was air dried at 120oC and grinded to obtain the polycrystalline powder of PPA-Clay.   
2.1.2.2.3 PREPARATION OF POLYPHOSPHORIC ACID INTERCALATED CLAY 
USING CTAB AS A STRUCTURE EXPANSION AGENT (PPA-CTAB-Clay)   
5 gm of montmorillonite clay was dispersed in 100 ml of double distilled water followed by 
stirring for 2 h at room temperature and sonication for 15 minutes to prepare clay slurry. 5 mmol 
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of CTAB was completely dissolved in 50 ml of distilled water under sonication for 20 minutes. 
The CTAB solution was added drop wise to the clay slurry under continuous stirring at room 
temperature. The resulting suspension was stirred for 12 h. The ensuing solid material was 
filtered, washed three times with distilled water and then air dried at 110oC overnight to obtain 
CTAB intercalated clay material (CTAB-Clay). 2 gm of CTAB-Clay was subsequently dispersed 
in 50 ml of distilled water to which required amount of PPA (0.4 ml) was added. The resulting 
slurry was kept under continuous stirring for 12 h which was then centrifuged, washed and dried 
overnight at 120oC to obtain the CTAB-PPA-Clay.  
2.1.2.2.4 PREPARATION OF POLYPHOSPHORIC ACID-CLAY COMPOSITE 
PILLARED WITH Zr-POLYCATIONS (PPA-ZrP)  
The Zr-pillaring solution was prepared as per the procedure described in section 2.1.2.1.  To a 2 
gm clay suspension in 50 ml water, 0.4 ml of PPA was added and stirred at room temperature for 
6 h. 100 ml of Zr-pillaring solution was added drop wise to the same pot at the rate of 50 ml per 
hour under continuous stirring. The mixture was then allowed for stirring at room temperature 
for another 12 h. The resulting particles were centrifuged and washed with deionized water. The 
obtained solid was air dried at 110°C overnight, and heated at 300oC for 2 h to obtain the PPA-
ZrP clay material.   
2.1.2.3 PREPARATION OF SULFONATED POLYVINYL ALCOHOL-CLAY AND 
SULFONATED POLYVINYL ALCOHOL-Zr-P COMPOSITE MATERIALS. 
2.1.2.3.1 PREPARATION OF SULFONATED POLYVINYL ALCOHOL (SPVA) 
4.4 gm of polyvinyl alcohol (PVA) (Molecular weight: 14000) (Sigma-Aldrich limited) was 
dissolved in 15 ml of pyridine and refluxed for 2 h at 80oC. The polymeric solution was 
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subsequently cooled in an ice bath and stored in a freezer. 8 ml of chlorsulfonic acid was added 
dropwise for 30 min to another 15 ml of portion of pyridine which was previously kept in an ice 
bath. The resulting yellow solid was stored in a freezer. During the sulfonation process, the 
yellow solid was dissolved in 15 ml of pyridine by warming at 60oC.  The solution was then 
added dropwise to the polymeric solution under cold condition. The resulting solution was 
refluxed at 80oC for 4 h to obtain the sulfonated PVA. The sulfonated polymer was filtered, 
washed using acetone and purified by precipitation from hot water.     
2.1.2.3.2 PREPARATION OF SULFONATED PVA-CLAY COMPOSITE MATERIAL 
(Clay-SP) 
2 gm of clay material was dispersed in 200 ml of deionized water to form clay slurry. The slurry 
was sonicated for 15 min for better dispersion of the clay platelets and then stirred at 60 oC for 2 
h. 2 gm of SPVA was dissolved in 50 ml of hot water. The polymeric solution was added 
dropwise to the clay slurry under constant stirring.  The resulting suspension was stirred for 12 h 
at 60oC and then cooled to ice temperature. The suspension was filtered, washed with cold water 
and dried at 120oC in a hot air oven to obtain the Clay-SP material.  
2.1.2.3.3 PREPARATION OF SPVA-CLAY COMPOSITE USING CTAB AS A 
STRUCTURE EXPANSION AGENT (CTAB-Clay-SP)   
CTAB intercalated clay was prepared using the procedure described in section 2.1.2.4. 2 gm of 
CTAB-Clay was subsequently dispersed in 100 ml of distilled water, to which the SPVA 
solution (2 gm in 50 ml of hot water) was added dropwise under constant stirring. The resulting 
suspension was stirred for 12 h at 60oC and then cooled near to ice temperature. The suspension 
was filtered, washed with cold water and dried at 120oC in a hot air oven to obtain the CTAB-
Clay-SP material. 
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2.1.2.3.4 PREPARATION OF SPVA-Zr-PILLARED CLAY COMPOSITE MATERIAL 
(ZrP-SP) 
The Zr-pillared clay described in section 2.1.2.1 was used for the preparation of the ZrP-SP. 2 
gm of Zr-P was dispersed in 100 ml of distilled water, to which the SPVA solution (2 gm in 50 
ml of hot water) was added dropwise under constant stirring. The resulting suspension was 
stirred for 12 h at 60oC and then cooled near to ice temperature. The suspension was filtered, 
washed with cold water and dried at 120oC in a hot air oven to obtain the ZrP-SP catalyst. 
2.1.2.3.5 PREPARATION OF PVA INTERCALATED CLAY FOLLOWED BY IN SITU 
SULFONATION (Clay-PIS)  
2 gm of clay material was dispersed in 100 ml of double distilled water to form clay slurry. 2 gm 
of PVA was dissolved in 50 ml of hot water. The polymeric solution was added dropwise to the 
clay slurry. The resulting suspension was stirred at 60oC for 12 h which was subsequently 
filtered, washed with hot water and dried in hot air oven at 120oC overnight to obtain PVA 
intercalated clay. 2 gm of PVA intercalated clay was dispersed in 15 ml of pyridine to which 
required amount of chlorosulfonic acid dissolved in pyridine was added dropwise and the 
mixture was refluxed at 80oC for 12 h. The solid particles were filtered, washed with acetone and 
dried overnight in a hot air oven at 120oC to prepare the Clay-PIS material.  
2.1.2.3.6 PREPARATION OF PVA INTERCALATED CTAB-CLAY FOLLOWED BY 
IN SITU SULFONATION (CTAB-Clay-PIS) 
The CTAB-Clay described in section 2.1.2.4 was used for the preparation of CTAB-Clay-PIS. 2 
gm of CTAB-clay material was dispersed in 100 ml of double distilled water to form CTAB-clay 
slurry. 2 gm of PVA was dissolved in 50 ml of hot water. The polymeric solution was added 
dropwise to the CTAB-clay slurry. The resulting suspension was stirred at 60oC for 12 h which 
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was subsequently filtered, washed with hot water and dried in a hot air oven at 120oC overnight 
to obtain PVA intercalated CTAB-clay. 2 gm of PVA intercalated CTAB-clay was dispersed in 
15 ml of pyridine to which required amount of chlorosulfonic acid dissolved in pyridine was 
added dropwise and the mixture was refluxed at 80oC for 12 h. The solid particles were filtered, 
washed with acetone, dried overnight in a hot air oven at 120oC to prepare CTAB-Clay-PIS 
material.   
2.1.2.3.7 PREPARATION OF PVA DISPERSED IN Zr-PILLARED CLAY MATRIX 
FOLLOWED BY IN SITU SULFONATION (ZrP-PIS) 
The Zr-pillared clay described in section 2.1.2.1 was used for the preparation of the ZrP-PIS. 2 
gm of Zr-P was dispersed in 100 ml of double distilled water to form Zr-P clay slurry. 2 gm of 
PVA was dissolved in 50 ml of hot water. The polymeric solution was added dropwise to the Zr-
P slurry. The resulting suspension was stirred at 60oC for 12 h which was subsequently filtered, 
washed and dried at hot air oven at 120oC overnight to obtain PVA intercalated Zr-P. 2 gm of 
PVA intercalated Zr-P was dispersed in 15 ml of pyridine to which required amount of 
chlorosulfonic acid dissolved in pyridine was added dropwise and the mixture was refluxed at 
80oC for 12 h. The solid particles were filtered, washed with acetone, dried overnight in a hot air 
oven at 120oC to prepare the ZrP-PIS material.  
2.1.4 PREPARATION OF Al-PILLARED CLAY BASED CATALYTIC 
MATERIALS  
2.1.4.1 PREPARATION OF Al-PILLARED CLAY (Al-P) 
The Al-pillared clay material was synthesized by intercalation of the aluminium cationic 
oligomeric clusters into the clay interlayer and subsequent thermal activation. The Al-pillaring 
solution was prepared by partial base hydrolysis of a 0.2 M aluminum chloride (AlCl3.6H2O) 
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(S.D. Fine chemicals limited) solution using 0.2 M sodium hydroxide solution as base to obtain 
OH/Al molar ratio of 2.0. The resulting solution was aged at 50oC for 24 h before using in the 
pillaring process. In a typical pillaring procedure, 2 g of the montmorillonite clay was dispersed 
in 200 ml of deionised water to form clay slurry. The pillaring solution was then added drop wise 
(50 ml/h) to the clay slurry under continuous stirring. The mixture was kept at constant stirring 
for 24 h at room temperature, filtered, washed with hot deionised water (6 times with 200 ml 
portions), dried overnight in hot air oven at 120oC and calcined at 500oC for 2 h to obtain Al- 
pillared clay (Al-P).  
2.1.4.2 PREPARATION OF PALLADIUM NANOPARTICLES SUPPORTED OVER 
Al- PILLARED CLAY (Pd/Al-P) 
The 5 wt% Pd/Al–P catalyst was prepared by wet impregnation method. Required amount of 
palladium chloride (Merck India Limited) was dissolved in 25 ml of water and then added 
dropwise to the Al-pillared clay slurry. After 15 minutes of stirring, in situ chemical reduction 
was carried out by dropwise addition of 10 ml mixture of formaldehyde and 1 N sodium 
hydroxide. The resulting suspension was stirred for 6 h. It was then filtered and dried in a hot air 
oven at 120°C for 12 h to obtain the Pd/Al–P. Using similar procedure, 5 wt% Pd metal 
supported on CTAB intercalated clay (Pd/CTAB-Clay) and zirconium pillared clay (Pd/Zr–P) 
were also prepared for comparative study. 
2.1.4.3 PREPARATION OF PALLADIUM BASED BIMETALLIC 
NANOPARTICLES SUPPORTED OVER Al-PILLARED CLAY (Pd-M/Al-P WHERE 
M= Cu and Ni) 
A total of 5 wt% of the bimetallic particles was supported over the Al-P. In a typical synthesis 
procedure, required amount of PdCl2 and Cu(NO3)2 [or Ni(NO3)2] was dissolved in 25 ml of 
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water and then added dropwise to the Al-pillared clay slurry. After stirring for 15 minutes, in situ 
chemical reduction was carried out by dropwise addition of 10 ml mixture of formaldehyde and 
1N sodium hydroxide. The resulting suspension was stirred for 6 h. It was then filtered and dried 
in a hot air oven at 120oC for 12 h to obtain the Pd-M/Al-P catalyst. Using the above procedure 
Pd-Ni (molar ratio 1:3, 1:1 and 3:1)/Al-P and Pd-Cu (1:1)/Al-P materials were prepared.  
2.2 CHARACTERIZATION METHODS 
2.2.1 POWDER X-RAY DIFFRACTION (XRD) 
The X-ray diffraction patterns of various clay based catalysts were recorded using a Rigaku 
Ultima-IV diffractometer using Ni filtered CuKα1 (λ=1.5405 Å) radiation. The XRD 
measurements were carried out in the 2Ɵ range of 1-15° with a scan speed of 1 degree per minute 
using Bragg –Brantano configuration. Since clays and pillared clays show broad low angle XRD 
patterns, oriented specimens were prepared for basal spacing determination. 2 wt% slurry of 
different clay samples in water were spread on a glass slide and dried in air at room temperature. 
The slides were then equilibrated with ethylene glycol for 12 h to obtain the oriented specimen. 
For this purpose small strips of filter paper were soaked with ethylene glycol and warped around 
the glass slide and kept for 12 h. The excess of ethylene glycol was removed from the slide by 
gentle contact with dry filter papers and XRD measurements were performed within 1 hour of 
the sample preparation.   
2.2.2 INFRA-RED SPECTROSCOPY (FTIR) 
The FTIR spectra of different clay samples (as KBr pellets) were obtained using a Perkin-Elmer 
Infrared spectrometer with a resolution of 4 cm-1 in the range of 400 cm-1 to 4000 cm-1. Nearly, 
3-4 mg of the sample was mixed thoroughly with 30 mg of oven dried KBr and made into pallets 
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by using a hydraulic press. The pallets were stored in vacuum desiccators and exposed to IR 
lamp for 1 minute prior to the FTIR measurement. 
2.2.3 UV-VIS SPECTROSCOPY 
The UV-Visible absorbance spectra of the clay based materials were recorded using Shimadzu 
spectrometer model 2450 with BaSO4 coated integration sphere in the range of 200-800 nm. The 
selected recording parameters comprised of spectral bandwidth of 4 nm and data point distance 
of 1nm. The spectra were recorded at ambient condition in air. 
 
2.2.4 THERMOGRAVIMETRIC ANALYSIS 
Thermogravimetric analysis of the samples were performed using Netzsch, Model 449C 
apparatus in air (30 ml per min) with linear heating rate (10oC per min) from room temperature 
to 800oC. For the determination of the acidity of the clay catalysts by TGA of adsorbed n-butyl 
amine (discussed in section 2.2.10.2) nitrogen atmosphere was used and TG analysis was 
performed from room temperature to 550oC at a linear heating rate of 20oC per minute. 
2.2.5 SORPTOMETRIC STUDIES 
The specific surface areas of the clay based materials were determined by BET method using N2 
adsorption/desorption at 77 K on a Quantachrome Autosorb gas sorption system. The samples 
were degassed at 120 oC for 5 h prior to the sorptometric studies.  
2.2.6 SCANNING ELECTRON MICROSCOPY (SEM) 
Scanning electron micrograph (SEM) of the pillared clay samples were recorded using JEOL 
JSM-6480 LV microscope (acceleration voltage 15 kV). Prior to the SEM analysis, the clay 
particles were dispersed in water and sonicated for 30 minutes. One drop of the aqueous clay 
suspension was then mounted over a small glass slide and spread uniformly.  The glass slide was 
subsequently air dried and used for SEM analysis 
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2.2.7 FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FE-SEM) 
FE-SEM studies were performed using a Nova Nano SEM/FEI microscope operating at 5 kV 
accelerating voltage. Prior to FE-SEM analysis, sample powder was deposited on a carbon tape.  
In order to reduce the charge developed on the sample, gold/platinum sputtering was done for 3 
minutes on all the samples. 
2.2.8 TRANSMISSION ELECTRON MICROGRAPHS (TEM) 
Transmission electron micrographs of the clay materials were recorded using PHILIPS CM 200 
equipment operating at 100 kV accelerating voltage. Samples for TEM analysis were prepared 
by dispersing the powdered sample in ethanol by sonication and then drop drying on a copper 
grid (400 mesh) coated with carbon film. 
2.2.9 SURFACE ACIDITY MEASUREMENT 
2.2.9.1 NON-AQUEOUS TITRATION METHOD 
0.5 gm of the clay based material was kept in contact with a standard n-butylamine solution 
(0.025 M in benzene) for 24 h in a sealed container. A 5 ml portion of the supernatant solution 
was pipetted out and titrated against trichloroacetic acid solution (0.025 M), using neutral red as 
indicator (Ranga Rao et al., 2003). The total acidity was computed from the volume of n-
butylamine consumed and the value was expressed in millimoles per gram of the catalyst. 
2.2.9.2 TG ANALYSIS OF ADSORBED n-BUTYLAMINE 
The Brønsted acidity of the clay based materials was also obtained following the method 
described by Breen (Breen, 1991). Pillared clay samples were exposed to the reagent grade n-
butyl amine for 48 h in a desiccator. Thermogravimetric analysis of the samples was then 
performed in nitrogen atmosphere from room temperature to 550C at a rate of 20C per minute. 
The percentage weight loss corresponding to the temperature range 350-450C were calculated 
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and the proton acidity is obtained assuming each base molecule interact with a single proton site 
in the clay. Prior to the thermogravimetric analysis the samples were flushed with nitrogen gas 
for 30 minutes at room temperature to remove the physisorbed n-butyl amine molecules. 
2.2.10 GAS CHROMATOGRAPHY (GC) 
The GC analysis of the reaction mixture was performed by Nucon 5765 equipment fitted with a 
FID detector and different packed as well as capillary column. Depending on the sample type, 
different column have been used for analysis.  
2.2.11 NMR SPECTROSCOPY  
1H NMR spectra were recorded using Bruker spectrometer at 400 MHz using TMS as internal 
standard. 
2.3 CATALYTIC ACTIVITY STUDY 
2.3.1 SYNTHESIS OF OCTAHYDROXANTHENES CATALYZED BY Cr-P 
MATERIAL 
The synthesis of octahydroxanthenes was carried out under solvent free condition using 
microwave as an energy source. A neat mixture of dimedone (2 mmol), aromatic aldehyde 
(1mmol) and 50 mg of Cr-P catalyst in a beaker was exposed to microwave radiation for the 
required amount of time. The reaction mixture was irradiated at 900 W for the specified time 
with an intermittent cooling interval of 60 s after every 60 s of microwave irradiation. The 
reaction was monitored by TLC. After the completion of the reaction, the reaction mixture was 
treated with 10 ml of ethyl acetate and the catalyst was filtered. The final product was recovered 
by vacuum drying of the ethyl acetate solution followed by recrystallization from ethanol to 
afford the pure product. The used catalyst was regenerated by washing three times with 10 ml 
portions of methanol followed by heat treatment at 450 oC for 2 h. 
57 
 
2.3.2 SYNTHESIS OF BENZOXANTHENES CATALYZED BY Cr-P MATERIAL 
The catalytic activity of Cr-P material was also examined for the synthesis benzoxanthenes. A 
neat mixture of benzaldehyde (1 mmol), -naphthol (2 mmol) and Cr-P material (50 mg) in a 20 
ml beaker was exposed to microwave radiation for the required amount of time. The reaction 
mixture was irradiated at 900 W for the specified time with an intermittent cooling interval of 60 
s after every 60 s of microwave irradiation. After the completion of the reaction, the reaction 
mixture was transferred to 10 ml of ethyl acetate, stirred for 15 min, filtered and the reaction 
product was recovered from the solution and recrystallized. The used catalyst was regenerated by 
washing three times with 10 ml portion of methanol followed by heat treatment at 450oC for 2 h.  
2.3.3 SYNTHESIS OF 1,4-DIHYDROPYRIDINES CATALYZED BY STA/Cr-P 
MATERIAL 
A neat mixture of benzaldehyde (1 mmol), ethylacetoacetate (2 mmol), NH4OAc (1 mmol) and 
0.1 g of STA/Cr-P in a 20 ml beaker was exposed to microwave radiation for the required 
amount of time. The reaction mixture was irradiated at 900 W for the specified time with an 
intermittent cooling interval of 60 s after every 60 s of microwave irradiation. The progress of 
the reaction was monitored by TLC. After the completion of the reaction, the reaction mixture 
was transferred to 10 ml of ethyl acetate, stirred for15 min, filtered and the reaction product was 
recovered from the ethyl acetate solution and recrystallized. The used catalyst was regenerated 
by washing three times with 10 ml portions of ethyl acetate followed by heat treatment at 250 oC 
for 1 h. The reaction rates over different clay catalysts were calculated with respect to the 
conversion of the benzaldehyde in the reaction mixture. The percentage conversion of 
benzaldehyde was calculated from the GC analysis of the reaction mixture using a EC-Wax 
column and FID detector. The dihydropyridines were also synthesized by using chalcones as 
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substrates in place of aryl aldehydes. Similar protocol and work up conditions was used except in 
this case the molar ratio of chalcone, ethyl acetoacetate and ammonium acetate was 1:1:1. 
2.3.4 SYNTHESIS OF TETRAHYDROPYRIDINES CATALYZED BY PPA–ZrP 
COMPOSITE MATERIALS 
The catalytic activity of the polyphosphoric acid-Zr pillared clay composite materials was 
evaluated for the synthesis of tetrahydropyridines. The synthesis of tetrahydropyridines was 
carried out by stirring a mixture of aryl aldehyde (2 mmol), ethylacetoacetate (1 mmol), aniline 
(2 mmol) and 50 mg of different synthesized catalysts in acetonitrile solvent at 50oC. The 
reaction was monitored by TLC. Catalytic activity was also examined at different temperatures 
and in different solvent media. After the completion of the reaction, the reaction mixture was 
filtered to separate the catalyst. The final product was recovered from the acetonitrile solution 
and recrystallized from ethanol to acquire the pure product. The used catalyst was regenerated by 
washing three times with 10 ml portion of ethanol and subsequent heat treatment at 300oC for 2 
h.   
2.3.5 SYNTHESIS OF HEXAHYDROPYRIMIDINES CATALYZED BY SPVA–Zr-
P COMPOSITE MATERIALS 
Method A: Microwave irradiation method 
The catalytic activity of the SPVA-Zr-P composite materials was evaluated for the synthesis of 
hexahydropyrimidines by multicomponent condensation of 1,3-dicarbonyl compounds, 
substituted anilines and formaldehyde under solvent free condition using microwave as energy 
source. Typically, a mixture of 1,3-dicarbonyl compounds (1 mmol), aniline (2 mmol),  
formaldehyde (3 mmol) and 50 mg of ZrP-SP composite materials was exposed to microwave 
for the desired amount of time with an intermittent cooling interval of 120 s after every 60 s of 
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exposure time. The reaction was monitored by TLC. After the completion of the reaction, 10 ml 
of ethanol was added to the reaction mixture and the content was stirred for 30 minutes. The 
ethanoic suspension was subsequently filtered to separate the catalyst. The final product was 
recovered from the ethanol solution and recrystallized to acquire the pure product. 
Method B: Conventional heating method 
Hexahydropyrimidines were also synthesized by conventional heating in a thermostatic oil bath 
at 70oC. Typically, a mixture of ethylacetoacetate (1mmol), aniline (2mmol), formaldehyde 
(3mmol) and 50 mg of ZrP-SP composite catalysts in 5 ml ethanol was heated under stirring at 
70oC for required period of time. The progress of the reaction was monitored by TLC. After 
completion of reaction, an additional 5 ml of ethanol was added to the reaction mixture and 
catalyst particles were filtered out. The ethanolic solution was dried under reduced pressure to 
recover the product and recrystallized. The used catalyst was regenerated by washing three times 
with 10 ml portion of ethanol and subsequent drying in a hot air oven at 150oC for 2 h.  
All the synthesized compounds described in section 2.31-2.3.5 are known compounds and are 
characterized by comparing their melting points, IR, 1H NMR spectroscopic data with those 
reported in literature. 
2.3.6 HYDRODEHALOGENATION (HDH) OF HLAOGENATED AROMATIC 
COMPOUNDS CATALYZED BY Pd/Al-P AND Pd-M/Al-P (M= Cu and Ni) 
MATERIALS 
The aqueous phase hydrodehalogenation of a variety of halogenated aromatics including 4-
Chlorophenol, 4-Fluorophenol, 2-Chlorophenol, 4-Chloroanilines, 4-Chlorotoluene, 2,4-
disubstituted as well as 2,6-disubstituted products was carried out using Pd/Al-P and Pd-M/Al-P 
as catalyst under hydrogen transfer conditions. In a typical experimental procedure, 3 mmol of p-
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chlorophenol was dispersed in 10 ml water and stirred for 30 min at 30°C. 50 mg of Pd/Al–P 
catalyst was added to the solution followed by stirring for another 15 minutes. Hydrazine hydrate 
was used as hydrogen transfer agent to carry out the hydrodehalogenation of the substrate. The 
initial molar ratio of substrate to hydrogenating agent of 1:8 was used in the study. The 
hydrazine hydrate was added dropwise to the reaction mixture under constant stirring. The 
reaction mixture was allowed to stir for 5 h at 30°C. Periodically, a small aliquot of the reaction 
mixture was taken out from the reaction mixture and analysed by gas chromatography using a 
FID detector and OV-101column. 
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CHAPTER 3 
CATALYTIC APPLICATIONS OF Cr-PILLARED CLAY BASED 
MATERIALS 
PART A: SYNTHESIS OF XANTHENE DERIVATIVES CATALYZED BY Cr-
PILLARED CLAY 
3.1 INTRODUCTION 
Porous solids with uniform pore size in the micro- (< 2 nm) and mesopore (2-50 nm) range are 
extensively used in industrial catalytic processes. These materials possess high surface area, 
thermal stability, uniform pore structure and tunable acid-base and redox properties (Taguchi and 
Schuth, 2005; Chidambaram and Biswanathan, 2007; Berlier et al., 2008; El-Rassy et al., 2009; 
Dutta et al., 2012; Valtchev and Tosheva, 2013). The acid-base property of the porous materials 
in combination with the supported metallic particles has been used as bifunctional catalysts for 
several important reactions (Lee et al., 2008; Kim et al., 2008) Similarly, redox property can be 
generated by incorporation of transition metals into the three dimensional frame work (Grieken 
et al., 2009; Akondi et al., 2012). Among various porous materials, pillared clays are 
increasingly investigated in recent years because of their acidic property, thermally stable three 
dimensional pore structures akin to zeolites and shape selective catalysis (Gil et al., 2000a; Cool 
et al., 2002; Jagtap and Ramaswamy, 2006; Gil et al., 2008;  Gil et al., 2010; Bineesh et al., 
2011). The pore size of pillared clays (10-20 Å) intermediate between the micro and mesoporous 
materials is suitable for reactivity of large reactant molecules (Sowmiya et al., 2007; Mnasri-
Ghnimi and Frini-Srasra, 2014). Moreover, the interlayer space of the pillared clays is ideal for 
construction of bulky heterocyclic compounds (Sowmiya et al., 2007; Dar et al., 2013). Among 
the pillared clays, clay pillared with inorganic polycations of Al and Zr has been most widely 
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investigated because of its simple and reproducible way of preparation, and high thermal stability 
(Cool et al., 2002; Mishra and Ranga Rao, 2003; Colın L. et al., 2005; Timofeeva et al., 2011a). 
The other pillared clay material of interest is the Cr-pillared clay where Cr2O3 nanoclusters as 
pillars have been intercalated into the clay interlayer (Volzone, 2001; Gyftopoulou et al., 2005; 
Yurdakoc et al., 2008; Tomul and Balci, 2009). The Cr-pillaring solutions are generally prepared 
by partial base hydrolysis of the chromium salt solution. The nature and geometry of the Cr ions 
present in the Cr-salt solution can be established from the UV-DRS study. The Cr3+ ions in 
partially hydrolyzed state exhibit charge transfer transition and d-d transitions. The 
polymerization of the Cr3+ ions can be illustrated from the shifting of the absorption bands due to 
Cr3+ toward higher wavelength (Charan and Ranga Rao 2013). Cr-pillared clays have been used 
to carry out various organic transformations such as methylation of toluene, hydrocracking of 
heavy fuels, propene oxidation, acylation of alcohol, chlorinated hydrocarbon oxidation, propane 
dehydrogenation and CO oxidation (Storaro et al., 1997; Akçay, 2004; Gyftopoulou et al., 2005; 
Mata et al., 2007; Binitha and Sugunan, 2008; Tomul and Balci 2009; León et al., 2014). 
Although, there are many investigations on the catalytic properties of the pillared clay materials, 
most of these works are related to their applications in industrial catalysis. There is a vast scope 
to study the applicability of these materials as catalyst for synthesis of fine chemicals more so in 
reference to bioactive materials. Recently, Mishra et al have studied the application of modified 
Al- and Zr-pillared materials for synthesis of biologically important molecules including β-
aminocarbonyl compounds, dihydropyrimidines, coumarins and thiochromans (Sowmiya et al., 
2007; Samantaray et al., 2011). Phosphomolybdic acid supported over sulphate grafted Zr-
pillared clay has been employed as catalyst for the synthesis of β-aminocarbonyl molecules in 
aqueous media (Samantaray et al., 2011). In this work, we have studied the catalytic application 
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of Cr-pillared clay material for synthesis of octahydroxanthenes and benzoxanthenes under 
solventfree condition using microwave radiation as energy source. The Cr-pillared clays have 
been chosen for synthesis of xanthene derivatives because of their higher surface area compared 
to other pillared clay materials, presence of predominantly Bronsted acidic sites which are the 
active sites for xanthene synthesis as well as their enhanced gallery height which is conducive 
for construction of bulky heterocyclic compounds.  
Xanthenes are an important class of biologically active heterocycles with potential 
applications as antibacterial, anti-inflammatory and antiviral agents (Poupelin et al., 1978; 
Bekaert et al., 1992). They also exhibit promising activity in photodynamic therapy and 
agricultural bactericide (Poupelin et al., 1978). In addition to their biological and 
pharmacological applications, xanthenes are also used as dyes, fluorescent probes for detection 
of biomolecules and in laser technologies (Bekaert et al., 1992). In past years, many synthetic 
methods have been reported for preparation of xanthenes which include reaction of -Naphthol 
with aldehydes or acetals under acidic conditions, cyclocondensation between 2-
hydroxyaromatic aldehydes and 2-tetralone, cyclodehydrations, alkylations  to the heteroatoms, 
and intramolecular phenyl carbonyl coupling reactions of benzaldehydes and acetophenones 
(Bekaert et al., 1992; Wang and Harvey, 2002; Jha and Beal 2004). However, most of these 
synthetic procedures involve conventional methods and suffer from drawbacks such as longer 
reaction times, low yields, harsh reaction conditions and utilization of excess of reagents and 
catalysts. Recently, improved protocols have been formulated for the synthesis of xanthenes 
which involves the condensation of -naphthol and aromatic aldehydes in presence of acidic 
catalysts. Several acidic catalysts such as sulfamic acid, molecular iodine, cellulose sulfuric acid, 
BF3.SiO2, Dow-ex-50W, HClO4-SiO2, ammonium dihydrogen phosphate supported over silica 
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(NH4H2PO4/SiO2), ceric ammonium nitrate (CAN), dipyridine cobalt chloride and Yb(OTf)3  has 
been utilized for this condensation reactions (Shakibaei et al., 2007; Mirjalili et al., 2008; Su et 
al., 2008; Madhav et al., 2009; Mahdavinia et al., 2009; Kumar et al., 2010). However, many of 
these catalyzed processes are homogeneous in nature and leads to tedious work up and difficulty 
in separation and handling of the catalysts.  
Xanthene derivatives particularly, 1,8-Dioxo-octahydroxanthenes have been found as a 
substructure in a large number of naturally occurring molecules. Because of their biological 
activity, 1,8-dioxo-octahydroxanthenes and their derivatives occupy a prominent position in 
medicinal chemistry(Kantevari et al., 2007). The most efficient way of synthesizing 
octahydroxanthenes involves the condensation of dimedones with aryl aldehydes in presence of 
acidic catalysts. The various catalytic systems employed for this condensation reaction include 
among others HClO4/SiO2, 3-(N,N-dimethyldodecylammonium) propanesulfonic acid hydrogen 
sulfate [DDPA][HSO4], ionic liquids, polyaniline p-toluenesulphonate,  NaHSO4/SiO2, dowex 
50w, molecular iodine, TMCl, 1-methylimidazolium trifluoroacetate ([Hmim]TFA) (Kantevari et 
al., 2007; Dabiri et al., 2008; Karthikeyana and  Pandurangana, 2009; Pore et al., 2010; Fang et 
al., 2011;  Mulakayala et al., 2012; Hasaninejad et al., 2012; Dadhania et al., 2012). Most of the 
used catalysts are either homogeneous catalysts or supported reagents or polymers which suffer 
from deactivation, regeneration and handling of the catalyst. A stable heterogeneous catalyst 
which is reusable and efficient for the synthesis of this important class of compounds is highly 
desirable.   
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3.2 RESULTS AND DISCUSSION 
3.2.1 XRD STUDY 
The XRD patterns of the Cr-P material along with the parent clay is presented in Fig. 3.1. The 
corresponding basal spacing values obtained from the XRD study are presented in Table 3.1. 
The parent clay shows a sharp and intense reflection at 2=6.8o corresponding to the reflection 
from the (001) planes of the layered material (Fig. 3.1 a). The basal spacing of the clay material 
is found to be 12.9 Å (Table 3.1).  Montmorillonite clay is a dioctahedral clay material with a 
layer height of 9.6 Å, the interlayer spacing of the parent clay is calculated to be 3.3 Å. The 
insertion of the Cr-oligomeric cationic clusters into the clay interlayer resulted in an expansion 
of the clay interlayer. The calcined Cr-P material shows a d001 spacing of 20.8 Å (Fig. 3.1 b). 
The preparation and characterization of the Cr-pillared clay materials have been studied earlier 
by different authors in the literature (Pinnavaia et al., 1985a; Sychev et al., 1997a; Gyftopoulou 
et al., 2005; Yurdakoc et al., 2008; Tomul and Balci, 2009).  
Table 3.1 Physicochemical characteristics of parent clay and calcined Cr-P material. 
Clay sample Basal 
spacing (Å ) 
Interlayer 
spacing (Å ) 
Surface area 
(m2/g) 
Pore volume 
(cc/g) 
Acidic sites 
(mmol/g) 
Clay 12.9 3.3 30.1 0.06 0.15 
Calcined Cr-P 20.8 11.2 272.0 0.22 0.42 
 
 
The Cr-pillaring species are generally prepared by the partial base hydrolysis of Cr(III) ions at 
moderately concentrated aqueous solutions. The type of the Cr salt precursor used and the 
temperature of hydrolysis have been found to be crucial for the formation of Cr-oligomeric 
clusters. It has been reported that Cr ions form larger polycations upon base hydrolysis at 
elevated temperatures (95 oC) (Pinnavaia et al., 1985a). The basal spacing value observed in 
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this study is in accordance with the earlier literature reported value for Cr-pillared clay materials 
(Roulia, 2005; Tomul and Balci, 2009).   
 
3 6 9 12 15
Cr-P
Clay
b
a
In
te
n
si
ty
 
(a.
u
.
)
2 (degrees)
 
Figure 3.1 XRD profiles of (a) clay and (b) calcined Cr-P. 
3.2.2 FTIR STUDY 
The FT-IR spectra of the Cr-P material before and after calcination along with the parent clay are 
presented in Fig. 3.2. The parent montmorillonite shows a prominent band at 3630 cm-1 along 
with a broad less intense peak at 3456 cm-1 in the stretching frequency region of the spectrum 
(Fig. 3.2, Panel I). These peaks correspond to the O–H stretching from the structural hydroxyl 
group and water molecules present in the interlayer space of the clay materials (Sposito et al., 
1983; Bodoardo et al., 1994; Mishra and Ranga Rao, 2005). The pillaring of the clay materials 
results in an enhancement of the intensity of these bands. It is apparent from the IR spectra that 
pillaring of the clay increases the water retention capacity of the clay materials. Moreover, the 
67 
 
oxyhydroxy cationic clusters can contribute to the enhancement of the intensity of the bands 
corresponding to the structural hydroxyl groups. 
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Figure 3.2 FT-IR spectra of (a) clay, (b) air dried Cr-P and (c) calcined Cr-P. 
In the bending mode region, the pillared materials as well as the parent clay show a prominent 
band 1630 cm-1 (Fig. 3.2, Panel II). This band has been assigned to the OH bending vibration. 
Montmorillonite clay is known to possess two kinds of water molecules, namely the loosely 
bonded water molecules present in the interlayer and the strained water molecules present in the 
1st coordination sphere of the interlayer cations. The latter type contributes to the acidity of the 
material and has been known to contribute significantly to the peak at 1630 cm-1 (Sposito et 
al.,1983). The intense band observed at 1630 cm-1 for the Cr-pillared clay suggests the 
possibility of an enhancement of acidity due to the pillaring process. In the frequency region of 
600–1000 cm-1, the clay material shows a series of discrete peaks depending upon the cation 
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composition in the octahedral sheet. In the present study, three bands were observed at 915, 845 
and 805 cm-1 for all the clay samples (Fig. 3.2, Panel III). These bands have been assigned to the 
bending vibration modes of Al–Al–OH, Al–Mg–OH and Mg–Mg–OH groups in the octahedral 
layer of the montmorillonite clay (He et al., 2001). 
3.2.3 UV-VIS STUDY 
The UV–Vis spectra of the as synthesized and calcined Cr-P material along with the parent clay 
are presented in Fig. 3.3. The parent clay shows a characteristic broad band with a maximum at 
245 nm (Fig. 3.3a). This band is assigned to the (Fe3+ O2-, OH- or OH2) charge transfer 
transition for the structural iron present in the octahedral layer of the clay mineral (Mishra and 
Ranga Rao, 2004).  
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Figure 3.3  UV-vis absorbance spectra of (a) clay, (b) air dried Cr-P and  
(c) calcined Cr-P. 
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The basic structural units of tetrahedral silicate layers in the clay lattice do not absorb UV light 
in the range of 200–800 nm except when the transition metal ions are exchanged in the 
interlayers or present in the silicate structure. The intercalation of the chromium oxyhydroxy 
clusters into the clay interlayer resulted in significant change in the absorption feature of the clay 
material. The as synthesized Cr-P clay material shows a broad peak spanning from 250 to 380 
nm. In addition, two well defined bands with maxima around 450–470 nm and 580–600 nm are 
observed in the absorption spectrum (Fig. 3.3b). The latter two peaks can be assigned to the 
A2g→T1g and A2u → T2g transitions characteristics of Cr(III) in octahedral symmetry (Mishra and 
Parida, 1998; Rossi et al., 1998; Thomas et al., 2002; Rombia et al., 2006). The broad peak 
observed in the high energy region seems to be a composite peak with contribution from the 
absorption from the clay lattice as well as pillars. It has been reported that in the charge transfer 
region, two bands at 260–280 nm and 370–380 nm are characteristic of the presence of Cr(VI) 
ions (Rossi et al., 1998; Rombia et al., 2006). It is likely that some of the chromium ions can 
exist as Cr(VI) and contribute to the absorption feature of the material. Heat treatment at higher 
temperature resulted in the disappearance of the peak corresponding to the Cr(VI) ions, 
simultaneously, the peaks due to the Cr(III) ions gained intensity (Fig. 3.3c). It has been reported 
that during thermal treatment, the chromium oligomeric clusters undergo further hydrolysis and 
polymerization to form bigger clusters inside the clay interlayer (Sychev et al., 1997a). 
Moreover, the thermal transformation of the chromium hydroxide gel to chromia particles is 
known to occur through the formation of CrO3 particles (Mishra and Parida, 1998; Rossi et al., 
1998). In the present case, it is believed that the air dried as synthesized materials contain 
oxyhydroxy clusters of both Cr(VI) and Cr(III) ions. The calcination of the pillared clay 
materials lead to the formation of stable Cr2O3 nanoclusters inside the clay interlayer. 
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3.2.4 THERMOGRAVIMETRIC ANALYSIS  
The thermal transformation of the air dried pillared clay material is studied by TG analysis. The 
TG profile along with the derivative plot for the air dried Cr-P is presented in Fig. 3.4. A major 
weight loss region is observed in the range of 50-200oC corresponding to the loss of the 
physisorbed and loosely bonded water molecules in the clay interlayer. Beyond 200oC the weight 
loss is more gradual. However, two broad weight loss regions can be observed in Fig. 3.4. The 
weight loss corresponding to the temperature range of 300-450oC can be ascribed to the loss of 
water molecules coordinated to the pillars whereas between 500-650oC corresponds to the 
dehydration and dehydroxylation of the clay sheets and pillars (Sychev et al., 1997b; Mishra and 
Ranga Rao, 2004).   
 
 
 
 
 
 
 
 
 
 
           
Figure 3.4 Thermogravimetric analysis of the air dried Cr-P material. 
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3.2.5 SORPTOMETRIC STUDY 
The surface area and pore volume of the calcined Cr-P material are evaluated using N2 sorption 
at 77 K. The N2 sorption isotherm of the parent clay along with the Cr-P material is presented in 
Fig. 3.5. The Cr-P material exhibits high initial adsorption with a nearly horizontal plateau up to 
relative pressure of ~0.9 (Fig. 3.5 b). This behaviour is characteristic of microporous solids 
(Gregg and Sing, 1982). The sorption isotherms observed for the parent clay as well as Cr-P 
material is type I according to the BDDT classification indicating the presence of micropores. 
The hysteresis found in the adsorption isotherm is H3 type (Fig. 3.5) according to IUPAC 
classification, and attributed to slit shaped pores or plate like particles with space between the 
parallel plates. A similar observation has been noted earlier for the Cr-pillared montmorillonite 
clay materials (Pinnavaia et al., 1985a; Tzou and Pinnavaia, 1988; Sychev et al., 1997a; Roulia, 2005).   
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Figure 3.5 N2 sorption isotherm of (a) Parent Clay and (b) Cr-P material. 
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Sychev et al. have studied the intercalation of Cr-oligomeric clusters into the clay interlayer and 
their subsequent sulfidation to generate chromium sulfide pillars. The Cr- and sulfided Cr-
pillared clay materials have been found to exhibit type-I isotherm with H3 type hysteresis typical 
of microporous layered solid materials. The observation of a type-I isotherm in the present study 
is in accordance with the earlier studies on Cr-pillared clay available in literature (Pinnavaia et 
al., 1985a; Tzou and Pinnavaia, 1988; Sychev et al., 1997a; Roulia, 2005).   The surface area 
(272.0 m2/g) and pore volume (0.22 cm3/g) of the calcined Cr-P is found to be considerably 
higher than the parent clay materials (the surface area and pore volume are 30.1 m2/g and 0.06 
cm3/g, respectively) (Table 3.1). During the process of pillaring, the expansion in the clay 
structure and the desegregation of the clay particles largely contributes to the enhancement of the 
surface area and porosity of the clay materials. 
3.2.6 CATALYTIC ACTIVITY STUDY 
3.2.6.1 SYNTHESIS OF OCTAHYDROXANTHENES 
The catalytic activity of the calcined Cr-pillared clay material is evaluated for the one pot 
synthesis of octahydroxanthenes by condensation of dimedone with aryl aldehydes under 
solvent-free conditions using microwave as energy source (Scheme 3.1). Initially, the 
condensation of benzaldehyde with dimedone is taken as model reaction and the reaction 
conditions are optimized for the solvent-free synthesis. It is observed that in the absence of the 
catalyst, 2,2’-arylmethylene bis(3-hydroxy-5,5-dimethyl 2-cyclohexene-1-one) was obtained as 
the major product. In the presence of the calcined Cr-pillared clay catalyst, the reaction is found 
to be significantly expedited with 2,2’-arylmethylene 9-aryl 1,3-dioxooctahydroxanthenes as the 
sole product.  
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Scheme 3.1 One pot synthesis of octahydroxanthenes using Cr-P catalyst.  
Various reaction parameters such as catalyst amount, microwave power and exposure duration 
are varied to obtain the optimized protocol. The detailed results of these catalytic experiments 
are presented in Fig. 3.6.  
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Figure 3.6 Effect of various reaction parameters on the yield of the product for the 
reaction of benzaldehyde (1 mmol) with dimedone (2mmol) (I) Effect of reaction time (900 
W and 50 mg of catalyst), (II) Effect of catalyst amount (900 W for 15 minutes duration), 
(III) Effect of microwave power (50 mg catalyst for 15 minutes duration) 
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It is observed that for the model reaction involving 1 mmol of the aryl aldehyde, 50 mg of the 
catalyst is ideal for an efficient condensation of the reactants for a microwave exposure time of 
15 min at 900 W. A further increase in catalyst amount or the exposure duration does not have 
any significant impact on the yield of the reaction (Fig. 3.6). Ensuing optimized conditions for 
this condensation reaction, we explored the scope and limitations of this reaction using different 
substituted aromatic aldehydes (Table 3.2). Aromatic aldehydes having electron withdrawing 
groups reacted at faster rate compared to aromatics aldehydes containing electron releasing 
groups. For reactions involving the same substituent in the aromatic aldehyde, the para 
substituted aldehydes give improved yields as compared to the ortho substituted aldehydes. This 
seems to be due to the greater steric hindrance exerted by the ortho substituent than the para 
substituents. All the products are obtained within 10–20 min of irradiation time at 900 W 
microwave power.  
Table 3.2 Calcined Cr-P catalyzed synthesis of octahydroxanthenes under solvent free 
conditions and microwave irradiation 
Sl No R Time (min) Yield (%) 
1 H 15 81 
2 4-NO2 12 86 
3 2-NO2 12 85 
4 3-NO2 12 87 
5 4-Cl 15 88 
6 4-Br 15 85 
7 2-Cl 15 83 
8 3-Cl 15 82 
9 4-F 15 86 
10 4-OH 20 78 
11 2-OH 20 80 
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A comparison of the present catalytic method with earlier literature study revealed that the 
present method is advantageous in terms of less reaction time (Table   3.3). The yield of the 
products obtained in this study is better than many earlier studied catalytic systems such as 1-
methylimidazolium triflouroacetate ([Hmim]TFA and HClO4-SiO2, whereas for other system 
such as molecular iodine and P2O5/SiO2 the yields are comparable. However, the present 
protocol exhibit distinct advantage in terms of the heterogeneous nature of the catalyzed process. 
Comparing the results of the present work, with SO42−/Fe−Zr−O heterogeneous catalyst, it is 
observed that the yields are marginally better in the latter case. However, for a reaction involving 
1 mmol of benzaldehyde, 100 mg of SO42−/Fe−Zr−O catalyst is required for effective 
condensation where as in the present study 50 mg catalyst is sufficient to get good yield of 
products.   
Table 3.3 Comparison of the catalytic activity of Cr-P with other catalytic system 
reported in literature for synthesis of octahydroxanthenes. 
Sl. 
No 
Catalyst Reaction condition Yield(%) Reference  
1. Calcined Cr-P Solventfree, 
microwave, 12-15 min 
78-88 This work 
2. Molecular iodine isopropanol, 70–80 oC, 
1-2 h 
90-96 Mulakayala et 
al., 2012 
3. P2O5/SiO2 Solvent free, 80 oC, 1-4 
h 
76-97 Hasaninejad et 
al., 2012 
4. 3-(N,N-
dimethyldodecylammonium) 
propanesulfonic acid hydrogen 
sulfate [DDPA][HSO4] 
Water, 100 oC, 1-2 h 87-96 Fang et al., 2011 
5. 1-methylimidazolium 
triflouroacetate ([Hmim]TFA) 
80 oC, 2.5-4 h 80-94 Dabiri et al., 
2008 
6. HClO4-SiO2 Neat, 140 oC, 3 h 23-32 Kantevari et al., 
2007 
7. 100 mg SO42−/10Fe−Zr−O Solventfree, 12-18 min 75-90 Samantaray et 
al., 2013 
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The mechanistic pathway for the formation of the octahydroxanthenes has been studied earlier in 
literature (Kantevari et al., 2007; Pore et al., 2010; Hasaninejad et al., 2012; Mulakayala et al., 
2012). A plausible mechanism for formation of the octahydroxanthenes over the Cr-pillared clay 
materials is presented in Scheme 3.2. Initially, the condensations of the aryl aldehyde with the 
active methylene center of the dimedone takes place resulting in the formation of the 
Knoevenagel adduct (I). The subsequent addition of a second molecule of dimedone by Michael 
addition to I results in the formation of 2,2’-arylmethylene bis(3-hydroxy-5,5-dimethyl 2-
cyclohexene-1-one) (II). The intermediate II undergoes a cyclodehydration process to yield the 
2,2’-arylmethylene- 9-aryl-1,3-dioxooctahydroxanthenes as the final product.  
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Scheme 3.2 Probable mechanism for the synthesis of octahydroxanthenes catalyzed by 
calcined Cr-P catalyst 
The presence of the Cr-pillared clay can significantly expedite the Michael addition and 
cyclodehydration steps in the reaction mechanism. The enhanced Brønsted sites of the Cr-
pillared clays can catalyze the above mentioned steps. The number of acidic sites of the clay 
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materials has been found to improve significantly upon pillaring with the chromium oligomeric 
clusters (Table 3.1). The Cr-nanoclusters as pillars can contain defect and coordinatively 
unsaturated sites in the clay microenvironment, which can contribute to the enhancement in the 
acidity of pillared clay material. The reusability of the catalyst was tested for three consecutive 
cycles. After the completion of the reaction, the filtered and dried catalyst was washed with 10 
ml of methanol and calcined at 450oC for 2 h to generate the clay catalyst. The regenerated 
catalyst was used for three successive cycles without any significant change in the catalytic 
activity (Table 3.2, entry 2, 86, 1st, 82, 2nd , 79, 3rd). The regenerated catalyst has been studied 
using XRD and sorptometric methods. No appreciable change in crystallinity is observed from 
XRD. However, there is a marginal decrease in surface area and porosity after 3rd cycle of 
catalysis study (surface area: 250 m2/g, pore volume: 0.19 cm3/g). The marginal loss in activity 
can be assigned to the decrease in the surface area and porosity of the Cr-P material. 
9-(phenyl)-3,4,6,7-tetrahydro-3,3,6,6-tetramethyl-2H-xanthene-1,8(5H,9H)-dione (Table 3.2,  
Entry 1) 
O
OO
 
Mp: 200-202oC, IR (KBr):  3037, 2950, 1665, 1460, 1360, 1200, 1198, 1152, cm-1; 1HNMR 
(400MHz, CDCl3): 1.00 (s, 6H, CH3); 1.12 (s, 6H, CH3); 2.16 (q, 4H, CH2); 2.48 (s, 4H, 2CH2); 
4.76 (s, 1H, CH); 7.11-7.32 (m, 5H, Ar) 
9-(4-Nitrophenyl)-3,4,6,7-tetrahydro-3,3,6,6-tetramethyl-2H-xanthene-1,8(5H,9H)-dione 
(Table 3.2, Entry 2) 
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O
OO
NO2
 
Mp: 224-225oC, IR (KBr):  3060, 2952, 1665, 1525, 1460, 1360, 1198, 1152 cm-1; 1HNMR 
(400MHz, CDCl3): 1.01 (s, 6H, CH3); 1.12 (s, 6H, CH3); 2.1-2.2 (q, 4H, CH2); 2.48 (s, 4H, 
2CH2); 4.75 (s, 1H, CH); 7.28 (d, 2H, Ar); 8.10 (d, 2H, Ar) 
9-(4-Chlorophenyl)-3,4,6,7-tetrahydro-3,3,6,6-tetramethyl-2H-xanthene-1,8(5H,9H)-dione 
(Table 2, Entry 5) 
O
OO
Cl
 
Mp: 231–233 oC, IR (KBr): 3015, 2987, 1682, 1478, 1384, 1194, 1176, 841cm-1,1H NMR 
(CDCl3, 400 MHz): 1.02 (s, 6H, CH3), 1.13 (s, 6H, CH3), 2.06–2.22 (q, 4H, CH2), 2.46 (s, 4H, 
CH2), 4.62 (s, 1H), 7.24–7.41 (m, 4H, ArH).  
3.2.6.2 SYNTHESIS OF BENZOXANTHENES 
Cr-pillared clay has also been used as an environmentally benign solid acid catalyst for synthesis 
of aryl-14H-dibenzo[a.j]xanthenes by the condensation of -naphthol and aryl aldehydes 
(Scheme 3.3). Initially the reaction conditions are optimized by taking the reaction of 
benzaldehyde and -Naphthol as a model reaction. The reaction protocol is optimized by varying 
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the catalyst amount, solvent system and using microwave and conventional oil bath as energy 
source for the transformation.  
CHO
+
OH
Cr-P
MW   solvent free
O
R
R
2
 
Scheme 3.3 One pot synthesis of benzoxanthenes using Cr-P catalyst. 
It is observed that, 50 mg of Cr-P is quite efficient for the condensation of -naphthol and 
benzaldehyde to produce the corresponding benzoxanthenes in high yield and purity. The use of 
solvent free condition and microwave irradiation was found to be beneficial in achieving good 
yield of product in less time. After optimizing the reaction conditions, the generality of the 
protocol is ascertained by reacting different aryl aldehydes bearing electron withdrawing and 
releasing groups with -naphthol. Table 3.3 shows the yields of the different aryl-14H-
dibenzo[a.j]xanthenes prepared using the optimized protocol. The reaction is found to proceed 
rapidly for aryl aldehydes containing electron withdrawing group. The catalyst is found to be 
highly active to afford all the products in good yields. After completion of the reaction, the 
reaction mixture is dispersed in 10 ml of ethyl acetate and stirred for 30 min at room 
temperature. The catalyst particles are filtered from the ethyl acetate suspension and the products 
are recovered by evaporation of the solvent by gentle heating, which is subsequently 
recrystallized. The recovered catalyst was regenerated by washing three times with 10 mL 
portions of methanol followed by heat treatment at 450 oC for 2 h. The regenerated catalyst is 
reused for three consecutive cycles without any significant loss of activity (Table 3.3, Entry 5, 
yields, 86%, 1st; 82%, 2nd; 80%, 3rd). Overall, the protocol developed in this study for synthesis 
80 
 
of aryl-14H-dibenzo[a.j]xanthenes is advantageous in terms of in high yield and purity of the 
products, preclusion of toxic solvents, short reaction time and catalyst recyclability.  
Table 3.4 Cr-P catalyzed synthesis of benzoxanthenes under solvent free condition and 
microwave irradiation  
 
 
Table 3.5 shows the comparison of the catalytic activity of the calcined Cr-P with the earlier 
literature reported methods for synthesis of benzoxanthenes. It is observed that Cr-P material 
gives good yield of product within a shorter period of time. The yield observed in this work is 
similar to the earlier reported methods. However, the method is advantageous in terms of 
solvenfree synthesis, recyclable catalyst and easy work up conditions compared to the literature 
reported procedures.   
 
Sl. No R Time (min) Yield (%) 
1 H 10 76 
2 4-NO2 8 84 
3 2-NO2 12 79 
4 3-NO2 9 82 
5 4-Cl 11 86 
6 4-Br 10 85 
7 2-Cl 12 80 
8 3-Br 12 81 
9 4-F 9 80 
10 4-OCH3 12 78 
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Table 3.5 Comparison of the catalytic activity of Cr-P with other catalytic systems 
reported in literature for synthesis of benzoxanthenes. 
Sl. 
No 
Catalyst Reaction condition Yield(%) Reference  
1. Calcined Cr-P Solvent free, 
microwave, 8-12 min 
76-86 This work  
2. BF3.SiO2 Chloroform, reflux, 
sonication for 6 min 
85-96 Mirjalili et al., 
2008 
3. Yb(OTf)3 Ionic liquid  
([BPy]BF4), 110 oC, 3-
7 h  
80-95 Su et al., 2008 
4. Cellulose sulfuric acid Solvent free, 110-
115oC, 1-3h 
81-97 Madhav et al., 
2009 
5. Ceric ammonium nitrate Solvent free, 120 oC, 
30 min 
91-96 Kumar et al., 
2010 
 
 
Physical and spectral data of some of the representative compounds  
14-(Phenyl)14H-dibenzo[a,j]xanthenes (Table 3.3, Entry 1)   
Mp: 182–184◦C; IR (KBr) (cm−1): 3068, 3016, 2889, 1621, 1585, 1519, 1452, 1416, 1253, 1074, 
959, 809, 739; 1H NMR (CDCl3, 400 MHz)/ δ ppm: 6.51 (s, 1H, CH), 6.99 (t, 1H), 7.16 (t, 2H, 
Ar), 7.44(t, 2H, Ar),7.44–7.51 (m, 4H, Ar), 7.59 (t, 2H, Ar), 7.86 (d, 2H, Ar), 7.81 (d, 2H, Ar), 
8.42 (d, 2H, Ar); 
O  
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14-(4-Chlorophenyl)14H-dibenzo[a,j]xanthenes (Table 3.3, Entry 5)   
Mp: 288–290 ◦C; IR (KBr) (cm−1): 3064, 1618, 1594, 1517, 1581, 1435, 1247, 1091, 967, 
814,748; 1H NMR (CDCl3, 400 MHz)/ δ ppm: 6.46 (s, 1H, CH), 7.11–7.15 (d, 2H, Ar), 7. 44–
7.51 (m, 4H, Ar), 7.59-7.63 (m, 2H, Ar), 8.31 (d, 2H, Ar). 
O
Cl
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PART B: SYNTHESIS OF 1,4-DIHYDROPYRIDINES CATALYZED BY 
SILICOTUNGSTIC ACID PARTICLES DISPERSED OVER Cr-PILLARED CLAYS 
3.3 INTRODUCTION 
Heteropoly acids (HPAs) are a class of polyoxometallates with interesting tunable acidic and 
redox properties (Kozhevnikov, 1998; 2009; Misono, 2013). Several types of heteropoly acids 
with diverse structural and chemical properties have been reported in open and patent literature. 
From catalysis point of view, Keggin type heteropoly acids display higher structural stability, 
Bronsted acidity, oxidation potential and resistance to deactivation by hydrolysis. The  Keggin 
type heteropoly acids have been extensively investigated for industrially important chemical 
reactions (Mizuno and Misono, 1998; Misono, 2013). The chemical formula of a Keggin type 
heteropoly acid is generally presented as Xn+M12O40(8-n)- where X is a heteroatom from 1st row 
transition elements and main group. The metal cation M such as Mo+6, W+6, V+5 have the 
characteristics of high charge and smaller size. The structure of Keggin anion can be described as 
composed of a central tetrahedron (XO4) surrounded by 12 edge- and corner-sharing metal-
oxygen octahedra (MO6). This molecular arrangement is referred to as the primary structure of 
heteropoly acids (Fig. 3.7). The secondary structure of heteropoly acids is the HPA crystallites 
composed of heteropoly anions, counter cations and water of hydration. Heteropoly acids such as 
H3PW12O40 and H3PMo12O40 are known to possess well-defined Brønsted acidic sites. The 
Brønsted acidity of HPAs in solid and liquid state has been studied using several analytical 
techniques such as indicator titration, TPD, FT-IR study of adsorbed probe molecules, 
microcalorimetry and NMR spectroscopy (Kozhevnikov, 1998; 2009 Mizuno and Misono, 1998; 
Misono, 2013. These studies revealed that the Bronsted acidity of HPAs are stronger than most 
of the conventional solid acids such as SiO2-Al2O3, H3PO4/SiO2, and HX and HY zeolites. The 
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catalytic activity of HPAs has been studied for esterification, Friedal-Craft alkylation, olefin 
hydration, condensation, polymerization and liquid phase oxidation [25, 26].  In recent years, 
there have been extensive efforts to utilize the potential of the HPAs in synthetic organic 
chemistry such as deprotection of t-butyldimethylsilane, regioselective aerobic oxygenation of 
nitrobenzene to 2-nitrophenol and oxidation of aliphatic, benzylic and allylic alcohols using 
dimethyl sulfoxides as oxygen transfer agents, synthesis of quinoxalines, 1,5-benzodiazepines 
and oxidative sulfurization (Khenkin et al., 2002; 2005; Kishore Kumar and Bhaskaran et al., 
2005; Mishra et al., 2006; Alibeik and E.H.-Torkabad 2012; Li et al., 2011 ).  
 
Figure 3.7 Structure of keggin anion. 
Although heteropoly acids display promising surface and catalytic properties, their application in 
catalysis is limited by their low surface area. This limitation can be overcome by dispersing 
HPAs on solid supports with high surface area and porous nature (Misono, 2013). In general, 
heteropoly acids interact strongly with supports at low loading levels, often resulting in grafting 
of these materials on solid surface. At higher loading, however, the bulk properties of HPAs 
prevail. Acidic or neutral substances such as SiO2, active carbon and acidic ion-exchange resin 
are suitable supports employed. Solids having basicity such as Al2O3 and MgO tend to 
decompose HPAs and are not preferable to be used as support. In recent years, heteropoly acids 
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supported on silicious porous materials such as MCM-41, SBA-15 and hexagonal mesoporous 
silicas are being explored for effective utilization of the active protonic sites of these acids 
(Sawant et al., 2007; Liu et al., 2009). The catalytic activity of the supported HPA system has 
been evaluated for several industrially important chemical transformations.  HPA supported 
MCM-41 have been found to be effective for liquid phase alkylation of toluene with 1- octane 
with better selectivity for monoalkylated products (Liu et al., 2009). Esterification of benzyl 
alcohol with acetic acid has been carried out using 12- silicotungstic acid supported on 
ZrO2/SBA-15 system which shows enhanced activity and stability (Sawant et al., 2007). Earlier 
investigation in literature shows that the clay based materials served as efficient support for the 
dispersion and stabilization of the HPA units (Yadav and Badure 2008; Bhorodwaj and Dutta, 
2010; 2011; Yadav and More 2011). Moreover, the acidic sites of the clay work synergistically 
with the acidic sites of the HPA for efficient catalysis process. K-10 clay has been found as 
effective support for the phosphotungstic acid. Coumarins were synthesized by the condensation 
of ethyl acetoacetate with phenol in presence of catalytic amount of PWA/K-10 (Vijaykumar and 
RangaRao, 2012b). Acid treated bentonites as well as montmorillonite have been found to be 
efficient support for phosphotungstic acid for esterification of acetic acid with butanol 
(Bhorodwaj and Dutta, 2010; 2011). Cs modified HPA supported over K-10 clay efficiently 
catalyze acylation of 1,3-dibenzyloxybenzene and alkylation of anisole with cyclohexene (Yadav 
and Badure 2008; Yadav and More 2011). With an objective to explore the catalytic potential of 
highly dispersed HPA nanoclusters for synthesis of biologically relevant molecules, in this work, 
we have employed Cr-pillared clay as a support for silicotungstic acid. The catalytic activity of 
silicotungsitc acid nanoparticles dispersed in the micropores of the Cr-pillared clay (STA/Cr-P) 
has been studied for the synthesis of 1,4-dihydropyridines under solvent free conditions. The 
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rationale behind choosing the Cr-P clay material as support is based on its important 
physicochemical properties such as higher surface area and good porosity which is ideal for 
dispersion of the STA species. Moreover, the STA which is thermally more stable and display 
strong surface acidic sites among different polyoxometallates is ideal for acid catalyzed synthesis 
of heterocyclic compounds. The synergistic effect between the acidic sites of both Cr-P and STA 
is expected to efficiently catalyze the synthesis of dihydropyridine molecules.   
Dihydropyridines (DHPs) and their derivatives are an important class of bioactive molecules 
which have been extensively investigated for their application as anticonvulsant, antidiabetic, 
antidepressive, antitumor, and anti-inflammatory agents (Litvic et al., 2008; Gaudio et al., 1994; 
Mohammadi et al., 2010). DHPs are also useful compounds for synthesis of neuroprotectants and 
treatment of Alzheimer’s disease due to their cerebral anti-ischemic properties (Mohammadi et 
al., 2010) The 1,4-dihydropyridines are generally synthesized by Hanztsch method which 
involves one-pot condensation of β-keto esters, aromatic aldehyde and ammonia under reflux 
condition in alcoholic media (Litvic et al., 2008; Mohammadi et al., 2010). In the past few years, 
there have been significant efforts to modify this classical method by employing various 
acidic/basic catalysts to improve the yield and purity of the synthesized products. Hanztsch 
process has been modified by using different catalysts such as TMSCl–NaI, ionic-liquids, InCl3, 
ceric ammonium nitrate (CAN), Na- and Cs-exchanged carbons, and metal triflates (Sridhar et 
al., 2005; Rondon et al., 2006; Sridharan et al., 2007; Debache et al., 2009;Yamuna et al., 2011). 
However, most of the catalytic protocol reported so far uses homogeneous catalysts, Lewis 
acidic salts or supported reagents which suffer from the drawback of leaching, separation, 
recovery and handling of the catalyst. A stable heterogeneous catalytic system which is 
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recyclable and provide good yield of the product is highly desirable for synthesis of 1,4-
dihydropyridines. 
3.4 RESULTS AND DISCUSSION 
3.4.1 XRD STUDY 
The XRD patterns of the parent clay along with the calcined Cr-P and STA/Cr-P material in the 
2θ range of 3-20o are presented in Fig. 3.8. The parent clay shows a sharp and intense peak at 2θ 
= 6.8o corresponding to the reflection from the (001) planes of the layered materials. The basal 
spacing and interlayer spacing of the parent clay is calculated to be 12.9 Å and 3.3 Å, 
respectively. The expansion in the interlayer structure of the clay material is clearly observed 
after the intercalation of the Cr-pillaring solution. The calcined Cr-P material shows a d001 
spacing of 20.8 Å. The interlayer space of the Cr-pillared clay material was found to be retained 
in the STA/Cr-P material. 
 
Figure 3.8  XRD patterns of (a) Clay, (b) Cr-P and (c) STA/Cr-P 
3 6 9 12 15 18
STA/Cr-P
Cr-P
Clay
In
te
n
s
it
y
 (
a
.u
.)
2 (degrees)
88 
 
The STA/Cr-P material exhibits a broad (001) peak of reduced intensity with a basal spacing of 
19.6 Å. This shows that the long range order of the Cr-P material is reduced to a certain extent 
due to dispersion of STA particles. No characteristic peak of bulk STA is observed in the 
STA/Cr-P which indicates that STA particles have been finely dispersed in the micropores of the 
chromia pillared clay. 
3.4.2 FT-IR STUDY 
The FT-IR spectra of different pillared clay materials along with the STA/Cr-P and bulk STA are 
presented in the Fig. 3.9. All characteristic vibrational features of the clay material are retained in 
the STA/Cr-P material (Fig. 3.9). However, there is significant enhancement in the band 
intensity for the structural –OH group after pillaring with Cr-polycations and dispersion of STA 
clusters.  
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Figure 3.9 FTIR spectra of (a) Parent clay, (b) air dried Cr-P, (c) calcined Cr-P and (d) 
STA/Cr-P (Panel III, inset (e) bulk STA) 
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Since the structural hydroxyl group accounts for the acidic nature of clay materials, this 
observation indicates the possibility of enhancement of the acidity as a result of Cr-pillaring and 
subsequent dispersion of the STA clusters. Due to the existence of hydrogen bonds, STA/Cr-P 
material shows a series of broad peak in the range of 3440–3150 cm-1. The peak at 3440 cm-1 
arises due to stretching vibrations of Si-OH bond (Bodoardo et al., 1994). 
Pure STA in its bulk state shows a series of discrete peak in the frequency region of 600–1100 
cm-1 (Fig. 3.9 III inset). The IR spectrum of pure STA shows five peaks at 1015, 978, 915, 885, 
800 cm-1. These peaks can be attributed to the symmetric and asymmetric stretching vibrations of 
W=O bond, Si-O, W-Oc-W, W-Oe-W groups, respectively (Brahmkhatri and Patel, 2011). The 
dispersed STA particles in the Cr-P matrix shows the characteristic STA vibrational features at 
985, 972, 875 and 800 cm-1 indicating the structural integrity of the STA cluster in the 
microenvironment of the Cr-pillared clay. 
3.4.3 UV-VIS STUDY 
The UV–Vis spectra of Cr-pillared clay along with STA/Cr-P and bulk STA are presented in Fig. 
3.10. The clay materials show UV absorption due to the transition metal ions present in the 
interlayer or in the silicate structure. A broad band with maxima at 245 nm is observed for the 
parent clay which can be assigned to the charge transfer transition Fe3+ O2-, OH- or OH2, for 
the structural iron present in the octahedral layer of the clay mineral (Fig. 3.10 a) (Mishra and 
Ranga Rao, 2003). The absorption spectrum is found to be altered on intercalation of the 
chromium oxyhydroxy species and subsequent thermal treatment. In addition to the characteristic 
clay peak, two well defined broad bands are observed with maxima at 420–440 nm and 580–600 
nm. These peaks can be assigned to the A2g→T1g and A2u→T2g transitions characteristics of 
Cr(III) ions in octahedral symmetry present in the form of Cr2O3 nanoclusters in the clay 
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interlayer (Fig. 3.10 b) (Rombi et al., 2006). For the STA/Cr-P material, an intense band is 
perceptible with absorption maxima around 270 nm along with a broad shoulder at 345 nm. 
These UV absorption bands can be assigned to the different oxygen to metal charge transfer 
transitions arising out of the dispersed STA clusters (Rombi et al., 2006). For bulk STA, the 
W6+O2- charge transfer transitions induce two intense and broad bands in the absorption 
spectrum (Fig. 3.10 d). The band observed at 245 nm can be assigned to W6+Oe2- (edge shared 
oxygen) charge transfer transition whereas the 345 nm band is due to W6+O2- transition from 
corner shared oxygen (Naik et al., 2011). 
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Figure 3.10 UV-Vis spectra of (a) parent clay, (b) Cr-P calcined, (c) STA/Cr-P and (d) 
bulk STA. 
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The absorption feature of pure STA is found to be different from that of STA/Cr-P. The band at 
245 nm got red shifted to 270 nm and the intensity of the band at 345 nm is reduced. This reveals 
that there might be change in co-ordination environment of the oxygen present in the STA 
clusters. The electronic spectra indicate a possible interaction of the STA clusters with the clay 
microenvironment leading to their anchoring in the pillared clay lattice.  
3.4.4 THERMOGRAVIMETRIC ANALYSIS 
The TGA/DTG profile of STA/Cr-P materials is illustrated in Fig. 3.11. Two prominent weight 
loss regions are observed for the STA/Cr-P material in the TG profile. Initial weight loss in the 
range of 40–160oC is due to removal of physisorbed water and water of crystallization of STA 
molecules.  
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Figure 3.11 TGA/DTG profile of 10STA/CrP material. 
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Another weight loss in the range of 520–680oC is due to loss of structural protons from STA 
molecules (Rajkumar and RangaRao, 2008). At this temperature range, STA clusters get 
transformed into mixed metal oxides by thermal decomposition. Thus from the TG plot it is 
interpreted that the prepared STA/Cr-P catalyst is stable up to 500oC.   
3.4.5 SORPTOMETRIC STUDY 
The N2 sorption isotherm of the STA/Cr-P material along with the Cr-P material is presented in 
Fig. 3.12. The corresponding surface area and pore volume of the STA/Cr-P materials is 
presented in Table 3.4. The STA/Cr-P materials shows type I isotherms as per the BDDT 
classification indicating the presence of micropores in the material (Fig. 3.12 b). The type of 
hystersis observed or these materials is H3 type indicating the presence of slit shaped pores. 
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Figure 3.12 N2 sorption isotherm of (a) STA/Cr-P and (b) Cr-P. 
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The calcined Cr-pillared clay materials exhibit a surface area of 272 m2/g which is significantly 
higher than the value of 30 m2/g observed for the parent clay material. The STA/Cr-P material 
exhibit surface area and pore volume of 215 m2/g and 0.12 cm3/g. The decrease in the surface 
area and pore volume is due to the partial occupation of the pores of the Cr-pillared clay by STA 
particles (Fig.3.12 a).  
3.4.6 SEM STUDY 
The scanning electron micrograph of the air dried and calcined Cr-pillared clay along with the 
STA/Cr-P material is presented in Fig. 3.13.  
 
           (a)          (b) 
 
(c)  
Figure 3.13 Scanning electron micrograph of (a) Cr-P air dried, (b) Cr-P calcined and (c) 
STA/Cr-P. 
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For the air-dried Cr-P materials, lamellar structure is developed due to maximum face to face 
interaction as the particles are stacked in (001) direction. However on subjecting air dried Cr-P to 
higher temperature treatment the lamellar structure got distorted due to edge to edge interaction 
and edge to face interaction (Sychev et al., 1997a; Tomul and Balci, 2009). It is ascribed from 
SEM image that dispersion of STA particles into Cr-P clay leads to folded morphology most 
likely due to the interaction of the STA particles with the clay layers. 
3.4.7 TEM STUDY 
 The TEM image of the STA/Cr-P material along with the STA/Clay is presented in Fig. 3.14. 
The TEM picture of STA/Cr-P reveals that the STA particles are present in a well dispersed state 
and are of irregular shape (Fig. 3.14 a). The particle sizes of the supported STA particles are in 
the range of 10–20 nm. No agglomeration is found as the STA particles are well separated from 
each other.                                      
 
                         (a) 
Figure 3.14 Transmission electron micrographs of (a) STA/Cr-P and (b) STA/Clay 
The STA particles dispersed in the parent clay matrix (STA/ Clay), on the other hand, display 
larger particle (20–40 nm) and inhomogeneity in size distribution (Fig. 3.14 b). This observation 
 
(b) 
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indicates that the Cr-pillared clay material is quite efficient for the dispersion of the STA 
particles in its matrix. The high surface are and the uniform micropores of the Cr-pillared clay is 
responsible for the dispersion and separation of the STA particles in the clay structure. 
3.4.8 CATALYTIC ACTIVITY FOR THE SYNTHESIS OF 1,4-DIHYDROPYRIDINES 
The STA/Cr-P material is used as an efficient and ecofriendly catalyst for the synthesis of 1,4-
dihydropyridines by one pot condensation of aldehyde/chalcones, ethylacetoacetate and 
ammonium acetate under microwave irradiation (Scheme 3.4 and Scheme 3.5). Initially, the 
catalytic activities of various clay based materials were evaluated taking the multicomponent one 
pot reaction of benzaldehyde, ethylacetoacetate and NH4OAc as a model reaction. The 
physicochemical characteristics and catalytic activity of the clay based materials studied for this 
condensation reaction are presented in Table 3.4. Parent clay was found to be inactive for the 
reaction. Pillaring with Cr-oligomeric nanoclusters significantly improves the surface area, pore 
volume as well as the catalytic activity of the parent clay. Among the supported STA catalysts, 
the STA/Cr-P material exhibit better yield compared to the STA/Clay material.  
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Scheme 3.4 STA/Cr-P catalyzed multicomponent condensation of arylaldehydes, 
ethylacetoacetate and ammonium acetate. 
The higher surface area and pore volume of the Cr-P material helps in better dispersion of the 
STA particles compared to the parent clay. The effective utilization of the active sites available 
on the supported STA clusters as well as the Cr-pillars is responsible for the higher catalytic 
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activity observed for STA/Cr-P material. The catalytic activity of the clay catalysts is found to 
correlate well with the surface acidity of these materials determined using TGA of adsorbed n-
butyl amine. Since the clay materials exhibit different surface area and acidity, the reaction rate 
were calculated in terms of unit surface area and acidic sites by estimating the benzaldehyde 
conversion in the reaction mixture by GC analysis. It was observed that the STA/Cr-P catalyst 
shows higher reaction rates as compared to other materials. This catalyst also provide better yield 
of the products at a shorter reaction time compared to the other clay based catalytic materials 
(Fig. 3.15). Based on the results described in the Table 3.4 and Fig. 3.15, the STA/Cr-P catalyst 
was selected for further studies.  
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Scheme 3.5 STA/Cr-P catalyzed multicomponent condensation of chalcones, 
ethylacetoacetate and ammonium acetate. 
The catalyst amount in the reaction mixture is varied between 50 mg and 150 mg for a reaction 
involving 1 mmol of the reactants for the model reaction (Fig. 3.16). It is observed that 100 mg 
of the STA/Cr-P catalyst is quite proficient for carrying out condensation of aldehyde, 
ethylacetoacetate and NH4OAc. Further increase in the catalyst amount does not have any 
marked impact on the yield of the product (Fig. 3.16). 
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Table 3.6. Physicochemical characteristics and catalytic activity of different clay materials studied for the synthesis of 1,4- 
Dihydropyridines by multicomponent condensation of benzaldehyde, ethylacetoacetate and NH4OAc. 
a Calculated from TG analysis of n-butyl amine, bRefers to pure and isolated yield, c Calculated with respect to the benzaldehyde conversion in the reaction 
mixture analyzed using Gas chromatography, d Synthesized by treating the parent clay with 3N sulphuric acid at 80oC for 6h followed by quenching in ice cold 
water
Clay sample Basal 
spacing 
(Å) 
Surface 
area 
(m2/g) 
Pore 
volume 
(cc/g) 
Aciditya 
(mmol/g) 
MW 
irradiation 
time (sec) 
Yieldb 
(%) 
Ratec 
(mmolh-1g-1) 
Rate 
(mmolh-1m-2) 
TOF 
(h-1) 
Clay 12.8 30.1 0.06 0.15 600 NR -- -- - 
Cr-P 20.8 272.0 0.22 0.42 480 52 42.7 0.0157 10.1 
STA/Cr-P 19.6 215.4 0.12 0.56 300 75 97.2 0.0376 17.3 
STA/Clay 12.7 20.6 0.02 0.28 480 38 31.5 0.1529 11.2 
Acid activated 
Montmorillonited 
--- 135.0 0.15 0.37 480 48 39.7 0.0294 10.7 
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Figure 3.15 Effect of microwave exposure time on the yield of 1,4-dihydropyridines 
synthesized by condensation of benzaldehyde (1mmol), ethylacetoacetate (2 mmol) and 
NH4OAc (1mmol) . (--) STA/Cr-P, (--) Cr-P, (--) AAM,  and (--) STA/Clay  
After optimizing the reaction condition, the applicability of the optimized protocol was evaluated 
by taking different substituted benzaldehyde as reactants. Table 3.5 illustrates the yield of the 
various DHPs synthesized using the optimized protocol. It was observed that a variety of aryl 
aldehydes reacted under the optimized condition to give the corresponding dihydropyridines in 
high yield and purity. In general, better yield are achieved for aldehydes containing electron 
withdrawing groups than that of electron donating groups. On completion of reaction the 
obtained product is dissolved in 10 ml of ethyl acetate, stirred and then filtered to separate the 
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catalyst particles. The final product is acquired by evaporation of solvent and subsequently 
recrystallized. 
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Figure 3.16 Effect of catalyst weight on the yield of of 1,4-dihydropyridines synthesized 
by condensation of benzaldehyde (1mmol), ethylacetoacetate (2 mmol) and NH4OAc 
(1mmol) using STA/Cr-P catalyst. 
The catalyst is regenerated by three times washing with 10 ml portions of ethyl acetate followed 
by heat treatment at 250 oC for 1 h. The recyclability of the regenerated catalyst was studied for 
three consecutively cycles. The catalyst is found to be stable up to three cycles without any 
significant loss in the catalytic activity (Table 3.5, entry 2, 84, 1st, 82, 2nd, 79, 3rd). The 
mechanistic aspect of the reaction has been studied earlier in literature (Sridhar and Perumal, 
2005; Datta and Pasha, 2011). 
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Table 3.7 STA/Cr-P catalyzed one pot synthesis of dihydropyridines by condensation 
of arylaldehydes (1mmol), ethylacetoacetate (2 mmol) and ammonium acetate (1 mmol). 
Sl. No R Time (min) Yield (%) 
1 H 5 75 
2 4-NO2 6 84 
3 2-NO2 11 78 
4 3-NO2 6 75 
5 4-Cl 8 82 
6 4-Br 9 85 
7 2-Cl 6 86 
8 4-F 8 74 
9 4-OH 10 70 
10 2-OH 10 78 
 
Initially, the condensation of ethyl acetoacetate with aromatic aldehyde leads to the formation of 
Knoevenagel product (1) (Scheme 3.6). A second molecule of β-keto ester reacts with ammonia 
molecule to form an ester enamine (2). The subsequent condensation of the Knoevenagel product 
(1) with the ester enamine (2) yield the intermediate (3) which undergo cyclodehydration to form 
the 1,4-dihydropyridines (Scheme 3.6). The STA/Cr-P catalyst can take part in more than one 
step in the proposed mechanism to expedite the synthesis of 1,4-dihydropyridines. In the 
STA/Cr-P catalyst, the W6+ act as Lewis acidic sites where as the structural hydroxyls of the clay 
sheet as well as the delocalized protons of STA can act as Bronsted acidic sites. The aldehydic 
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carbonyl group can be activated by adsorption onto the Lewis acidic W6+ sites of STA/Cr-P 
catalysts. Similarly, the process of enolization of β-keto esters, formation of ester enamine and 
the cyclodehydration steps can be catalyzed in the presence of the Bronsted acidic sites of the 
STA/Cr-P catalyst.  
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Scheme 3.6 Probable mechanistic path for synthesis of 1,4-Dihydropyridine in the 
surface of STA/Cr-P catalyst. 
In order to further extend the application of the optimized catalytic protocol, chalcones are used 
as reactant in place of aldehydes (Scheme 3.5). In case of chalcones, the reaction rates are 
relatively sluggish and the yield is less as compared to that of aryl aldehydes (Table 3.6).  
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Table 3.8 STA/Cr-P catalyzed one pot synthesis of dihydropyridines by condensation of 
chalcones (1mmol), ethylacetoacetate (1mmol) and ammonium acetate (1mmol). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
However, under the optimized conditions a variety of chalcones reacted to give the 
corresponding DHPs. Table 3.9 presents a comparison of the catalytic activity of the STA/Cr-P 
material with earlier investigated catalytic systems for synthesis of dihydropyridines. The present 
system exhibit good yield of the product under mild condition and less reaction time compared to 
literate reported methods. Moreover, the heterogeneous nature of the catalytic system facilitates 
easy recovery and regeneration of the catalyst particles.  Thus in this present investigation, the 
Sl.No. Chalcone Time(min) Yield(g) 
1.  
 
 
 
12 64 
2.  
 
 
 
12 68 
3.  
 
 
 
15 75 
4.  
 
 
 
12 73 
5.  
 
 
 
10 78 
O
NO2
O
NO2
O
O2N
O
Br
O
Cl
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STA/Cr-P is demonstrated as a new environmental friendly and economical heterogeneous 
catalyst for the synthesis of structurally diverse 1,4-dihydropyridines. The specific advantages of 
the catalytic protocol developed in this study include solvent free condition, stable and recyclable 
heterogeneous catalyst, preclusion of toxic solvent, simple experimentation and high yield and 
purity of the product. 
Table 3.9 Comparison of the catalytic activity of STA/Cr-P with other catalytic systems 
reported in literature for synthesis of dihydropyridine. 
Sl. 
No 
Catalyst Reaction condition Yield(%) Reference  
1. STA/Cr-P Solvent free, 
microwave, 5-11 min 
70-86 This work 
2. Triphenylphosphine  Ethanol, reflux, 2-5 h 75-95 Debache et al., 
2009 
3. Cerium ammonium nitrate 
(CAN) 
Ethanol, room temp, 
1h 
61-74 Sridharan et al., 
2007 
4. 3,4,5-Trifluorobenzeneboronic 
acid, ionic liquid 
Room temp, 4-6 h 85-93 Sridhar et al., 
2005 
5.  Molecular iodine with urea 
H2O2 adduct 
Ethyl acetate, room 
temp, 0.75-12 h 
87-99 Litvic et al., 
2008 
6. Sulfonic acid-functionalized 
silica 
Solvent free, 90 oC, 1h 87-93 Mohammadi et 
al., 2010 
 
Physical and spectral data of some selected compounds are given below 
1. Diethyl-2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (Table 3.5, entry 1): 
M.P. 158–159oC; FT-IR (KBr, cm-1): 1694, 3338; 1H NMR (CDCl3, 400 MHz):  δ 1.16 (t, 
6H),  2.23 (s, 6H), 4.03 (q, 4H), 4.93 (s, 1H), 5.60 (s, 1H), 7.06–7.22 (m, 5H) ppm. 
N
H
OO
O O
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2. Diethyl-2,6-dimethyl-4-(4-chloro-phenyl)-1,4-dihydropyridine-3,5-dicarboxylate (Table 3.5, 
entry 5): M.P. 144-145oC; IR (KBr, cm-1): 1694, 3332; 1H NMR (CDCl3, 400 MHz,):  δ 1.22 
(t, 6H), 2.30 (s, 6H), 4.04 (m, 4H), 4.92 (s, 1H), 5.73 (s, 1H), 7.13-7.29 (m, 4H) ppm. 
N
H
OO
O O
Cl
 
3. Ethyl 4-(4-chlorophenyl)-2-methyl-6-phenyl-1,4-dihydro-3-pyridinecarboxylate (Table 3.6, 
entry 5): M. P.  254-256; IR(KBr, cm-1): 3340, 1718, 1670; 1H NMR (DMSO-d6, 400 MHz) 
δ 1.14 (t, 3H), 2.10 (s, 3H), 3.50 (q, 2H), 6.33 (d, 1H), 6.93 (d, 1H), 7.19 (s, 1H, NH), 7.28 
(d, 2H), 7.32–7.52 (m, 5H), 7.69 (d, 2H)  ppm. 
                                           
N
H
O
O
Cl
 
3.5 CONCLUSIONS  
In this chapter, we have studied the catalytic applications of Cr-pillared clays and STA/Cr-P 
material for synthesis of biologically important molecules.  The intercalation of the chromium 
oligomeric nanoclusters has been confirmed from the expansion of the interlayer space of the 
parent clay material. The Cr-pillared clay is microporous in nature and displays higher surface 
area and pore volume compared to the parent clay material. The IR spectra of the Cr-pillared 
clays indicates an enhancement of structural hydroxyl group and water retention capacity. UV–
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Vis spectra indicate the presence of Cr2O3 nanoclusters as pillars inside the clay interlayer. The 
Cr-pillared clay was used as an efficient support for dispersion of silicotungstic acid 
nanoclusters. The interlayer spacing of the Cr-pillared clay is retained after the dispersion of the 
STA particles. IR and UV–Vis study reveals the structural integrity STA nanoparticles in the 
micropores of the Cr-P material. From TEM analysis it is observed that the supported STA 
particles are of irregular shape with size in the range of 10–20 nm. N2 sorptometric study depicts 
the microporous nature of STA/Cr-P materials. The Cr-PM material has been used as an efficient 
catalyst for the synthesis of octahydroxanthenes and benzoxanthenes. A series of structurally 
diverse targeted molecules were synthesized under microwave irradiation using the Cr-P catalyst. 
Similarly, structurally diverse DHPs are also synthesized in high yield and purity by one pot 
multicomponent condensation of aldehydes/chalcones, ethylacetoacetate, NH4OAc using the 
STA/Cr-P materials as heterogeneous catalyst. The catalytic experiments conducted in this study 
revealed that the Cr-pillared clay and their modified form are quite promising heterogeneous 
catalysts for synthesis of biologically important molecules under environmentally benign 
conditions. Overall, new and efficient protocols have been designed in this study using the Cr-
pillared clay based catalyst which is advantageous in terms of simple experimentation, 
preclusion of toxic solvent, shorter reaction times, catalyst recyclability and high yield and purity 
of the products. 
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CHAPTER 4 
SYNTHESIS AND CATALYTIC APPLICATIONS OF Zr-PILLARED 
CLAY-POLYMER COMPOSITE MATERIALS 
 
PART A: SYNTHESIS OF TETRAHYDROPYRIDINES USING POLYPHOSPHORIC 
ACID–Zr PILLARED CLAY COMPOSITE MATERIALS AS CATALYST 
 
4.1 INTRODUCTION 
Polymeric acid display molecularly defined catalytically active sites suitable for a variety of 
organic transformations. However, they possess inherent disadvantages such as low surface area 
and difficulty in recovery and regeneration when they are used in pristine form. In order to 
enhance their surface area, stability, and to avoid corrosive property it is desirable to 
heterogenize these materials by dispersing in inorganic hard matrices by forming 
nanocomposites. Among inorganic polymers, polyphosphoric acid has promising application 
potential as catalyst in acid catalyzed organic transformations. The polyphosphoric acid is a 
oligomeric form of phosphoric acid which contain -(PO3H)- repeating unit in the polymer 
structure. Compared to other homogeneous corrosive acids, it is less corrosive, mild and exhibit 
dehydrating properties, which has been successfully exploited to carry out acylation and 
cyclization reaction of a variety of substrates (Itoh et al., 2011; Sadanandam et al., 2011). PPA is 
also used as a catalyst for synthesis of heterocyclic compounds. The synthesis of 2-aryl/alkyl 
substituted benzimidazoles, benzoxazoles and benzothiazoles as well as purine derivatives has 
been accomplished by using PPA as catalyst (Sadanandam et al., 2011). Although there are 
reports on the catalytic activity of PPA, its applicability is limited due to disadvantages such as 
high viscosity and difficulty in separation and handling. In order to extend its effectiveness and 
to improve its recyclability, PPA has been supported over porous materials having high surface 
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area such as SiO2 (Itoh et al., 2011). The PPA–SiO2 has been used as efficient catalyst for the 
multicomponent one pot synthesis of polyhydroquinoline derivatives, 1,8-octahydroxanthenes, 
N,N’-alkylidenebisamide derivatives and structurally diverse 3-benzoylisoxazoles (Kantevari et 
al., 2007; Itoh et al., 2011; Khojastehnezhad et al., 2011; Shaﬁee, 2014). Norouzi et al. have 
investigated the catalytic activity of alumina supported PPA for the synthesis of 14-aryl-14H-
dibenzoxanthenes (Norouzi et al., 2011). Sachdev and Dubey. have successfully synthesized 
SBA-15 supported PPA by direct as well as impregnation method and the efficiency of the 
prepared catalyst has been examined for the acylation of naphthalene in liquid phase using acetyl 
chloride as acylation agent (Sachdev and Dubey, 2013). In this work, we have utilized the Zr-
pillared clay as a host matrix to disperse polyphosphoric acid and studied their catalytic activity 
for synthesis of tetrahydropyridines. The Zr-pillared clays by virtue of their good surface area, 
uniform porosity and interlayer space of few molecular dimension (~ 1 nm) is ideal for 
entrapment of PPA molecular chains. The constrained interlayer space of the Zr-pillared clays 
can prevent the aggregation of polymeric chain and contribute to more number of exposed active 
sites.  Since, the synthesis of tetrahydropyridine requires Bronsted acidic sites, more number of 
such sites can be created by dispersing PPA in Zr-P matrix. In this study, different synthetic 
strategies are adopted to maximize the dispersion of the PPA in the clay and pillared clay matrix. 
The resulting composite materials are characterized by XRD, IR, FE-SEM, EDX, TGA, UV–Vis 
and sorptometric techniques. 
Piperidine motifs are found in the basic skeleton of various natural alkaloids and pharmaceuticals 
(Mohite et al., 2012). Synthesis of various substituted piperidines has received considerable 
attention in recent years because of their antibacterial, anti-inflammatory, anticonvulsant and 
antimalarial properties (Ramin and Hajar, 2013) Furthermore, these moieties are highly active in 
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inhibiting the action of cancer causing enzymes farneysl transferase (Brahmachari and Das, 
2012). Hence different strategies are being developed for the synthesis of substituted 
tetrahydropyridines motifs. One pot multicomponent condensation reaction (MCR) is found to be 
most favourable way for synthesis of these complex organic molecules within a very short period 
of time. MCR has certain advantages such as atom economy, shorter reaction time and eluding 
difficult purification processes. Earlier literature shows that lot of effort are being devoted by the 
researchers to develop a simple and easy protocol for the synthesis of substituted 
tetrahydropyridines by using various catalysts such as l-proline/TFA, bromodimethylsulfonium 
bromide (BDMS), tetrabutylammonium tribromide (TBATB), molecular iodine, ceric 
ammonium nitrate (CAN), ZrOCl2·8H2O, InCl3, picric acid, poly(N,N’-dibromo-N-ethyl-
benzene-1,3-disulfonamide) [PBBS] and N,N,N’,N’-tetrabromobenzene-1,3-disulfonamide 
[TBBDA] and bismuth nitrate (Bi(NO3)3·5H2O) (Khan et al., 2008; 2010a; 2010b; Misra et al., 
2009; Mishra and Ghosh, 2011; Mukhopadhyay et al., 2011a; Wang et al., 2011; Brahmachari 
and Das, 2012; Ramin and Hajar, 2013). Although these catalysts have been found to be 
effective for the multicomponent condensation, they possess limitations in terms of greater 
reaction time, homogenous nature of the reaction, requirement of higher amount of catalyst and 
cost ineffectiveness. To overcome such drawbacks we have employed PPA–Zr-pillared clay 
composite materials as catalyst for synthesis of various substituted tetrahydropyridines under 
environment benign conditions.   
4.2 RESULTS AND DISCUSSION 
4.2.1 XRD STUDY 
The XRD patterns of the parent clay along with the Zr-pillared clay and clay–PPA composite 
materials in the 2 range of 3–15o are presented in Fig. 4.1. The corresponding basal spacing 
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values calculated from the XRD profile are presented in Table 4.1. The parent clay shows a sharp 
and intense peak at 2 = 6.8o corresponding to the reflection from the (001) planes of the layered 
material. The basal spacing of the parent clay is 12.8 Å (Fig. 4.1a). The intercalation of Zr-
polyoxocationic clusters leads to the shifting of d001 peak to the lower 2 value indicating an 
expansion in the clay structure due to pillaring (Fig. 4.1b). The as synthesized Zr-pillared clay 
shows a basal spacing of 20.2 Å. On thermal treatment for 2 h at 500oC, the Zr-pillared clay 
shows a slight shift in the peak position towards the higher 2 value (Fig. 4.1c).  
 
Figure 4.1 XRD patterns of (a) parent clay, (b) air dried Zr-P, (c) calcined Zr-P, (d) 
PPA- Clay, (e) PPA-ZrP and (f) ZrP-PPA. 
This is due to conversion of the polyoxocations to oxide nanoclusters. However, there is no 
appreciable difference in the intensity or broadness of the peak indicating the calcined Zr-
pillared clay is stable up to 500oC. The d001 value for the calcined Zr-P material is found to be 
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19.0 Å. From the XRD study it is illustrated that heat treatment up to 500 oC does not noticeably 
affect the crystallinity and stacking pattern of the pillared clay material. Fig. 4.1d–f shows the 
XRD patterns of different PPA–clay composite materials. Intercalation of PPA in general leads 
to the broadening of the peaks as compared to the respective clay materials. The broadening of 
the peak implies loss of crystallinity to a certain degree upon PPA intercalation. This may be 
attributed mainly to two factors. First, because of acidic nature of PPA, it can partially hydrolyse 
the Al-O-Si bond of the clay sheet which may result in disorder clay structure and consequent 
loss in crystallinity. However, considering the noncorrosive nature of PPA compared to other 
mineral acid this can occur to a small extent. The second important factor which can contribute 
to the peak broadening is the formation of a well dispersed intercalated PPA–clay 
nanocomposite. Since PPA is intercalated to the clay matrix in swelled condition, it is likely that 
PPA molecules reside in the interlayer region. The presence of PPA molecules can disturb the 
stacking arrangement of the clay sheets along the [001] axis, which give rise to the disordered 
structure. The presence of PPA in the interlayer region is further evident from the shifting of 
peak towards lower 2 value for the parent clay intercalated with PPA (PPA–clay). The d001 
value observed for PPA–clay is 15 Å (Table 4.1). The XRD pattern of the PPA–ZrP composite is 
shown in Fig. 4.1e. The XRD peak is broadened indicating a decrease in the crystalline character 
as compared to pure Zr-P. However, the noticeable point is that when the PPA–clay is 
crosslinked using Zr-polycation a basal spacing value (19.2 Å) similar to the Zr-pillared clay was 
obtained (Table 4.1 and Fig. 4.1e). This observation is indicative of the fact that the pillaring 
process imparts structural rigidity to the PPA–clay structure and the PPA molecules are trapped 
in the lateral space between the pillars.  
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Table 4.1 Basal spacing and surface area of different clay-PPA composite catalysts. 
Material Basal spacing (Å) Surface area (m2/g) 
Clay 12.8 30.2 
Zr-P 19.0 176.0 
PPA-Clay 15.0 17.5 
PPA-CTAB-Clay 18.5 38.0 
PPA-ZrP 19.2 95.2 
ZrP-PPA 18.8 86.3 
 
In case of ZrP–PPA materials, which is prepared by the dispersion of PPA molecules in the 
micropores of Zr-P, basal spacing value of 18.8 Å is observed (Fig. 4.1f). However, the XRD 
peaks corresponding to the ZrP-PPA and PPA-ZrP materials are broad with enhanced noise to 
signal ratio in comparison to pure ZrP. This observation indicates that the composite materials 
exhibit lower crystallinity compared to the Zr-P material.   
4.2.2 FTIR STUDY 
The FTIR spectra of different clay materials are represented in Fig. 4.2. The characteristic 
vibrational feature of the clay materials are retained in the FTIR spectra of the composite 
catalytic system. Moreover, there is an enhancement in the intensity of the structural -OH 
vibration at 3636 cm−1 after the pillaring process. This observation indicates the generation of 
new structural hydroxyl centres in the clay material as a result of pillaring (Sposito et al., 1983; 
Bodoardo et al., 1994; Mishra and Ranga Rao, 2005; Samantaray et al, 2011). The zirconia 
oligomeric clusters present inside the clay interlayer can contain hydroxyl groups. After the 
intercalation of the PPA to the clay, noticeable changes are observed in the stretching region of 
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the FTIR spectra. The -OH stretching peak for PPA intercalated clay (Fig. 4.2b) is very broad 
that ranges from 3000 to 3600 cm−1. The broadening of the -OH band can be ascribed to the 
formation of a variety of hydrogen bonding in presence of PPA inside the clay interlayer. The -
OH group of PPA can form hydrogen bond with the OH group of the clay sheet as well as the 
coordinated water molecule. Since the clay structure contains -OH groups differing in bond 
strength due to their location and coordination, it is expected that a wide range of hydrogen 
bonds of different strength can form in clay interlayer. These hydrogen bonds are responsible for 
broadening of the -OH peak (Chen and Wang, 2006).   
 
Figure 4.2 FTIR Spectra of (a) parent clay, (b) PPA-clay (c) CTAB-PPA-clay (d) ZrP-
PPA and (e) PPA-ZrP (panel I and panel II in the range of 4000-3000 cm-1 and 1700-400 
cm-1, respectively). 
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PPA in its bulk state shows a prominent peak at 1015 cm−1 due to the stretching vibrations of P–
O-P bond. The asymmetric stretching and bending vibration of P-O-P absorb IR radiation at 924 
and 484 cm−1, respectively (Zhang and Yu, 2010). These characteristic peaks with slight shift are 
observed for the clay–PPA composite materials which support the intercalation of PPA into the 
clay materials. For CTAB-PPA–clay, in addition to the characteristic peaks corresponding to the 
clay lattice and PPA, well distinguished peaks for CTAB are observed at 2851 and 2920 cm−1 
after intercalation of PPA. These peaks are ascribed to symmetric and asymmetric stretching 
vibrations of C-CH2 present in the cetyl group of CTAB (Ma et al., 2005). This observation 
implies limited uptake of PPA in presence of CTAB. CTAB being an amphiphile generates a 
hydrophobic environment in the clay matrix which is not conducive for the intercalation of PPA 
which is predominantly hydrophilic in nature. This fact is also evident from Table 4.2 which 
shows CTAB-PPA clay has less phosphorous content as compared to other clay materials.  
4.2.3 UV-VIS STUDY 
The UV–Vis spectra of the parent clay along with other clay polymer composite materials are 
presented in Fig. 4.3. The band observed at 247 nm (Fig. 4.3a) is characteristic for 
montmorillonite clay and attributed to the charge transfer transition for the structural iron present 
in the octahedral layer of the clay mineral (Fe3+←O2−, OH− or OH2) (Mishra and Ranga Rao, 
2004). Upon incorporation of PPA into the clay matrix the band maxima was found to shift 
towards the higher wavelength side. The PPA–clay shows absorption maximum at 265 nm which 
is attributed to the change in coordination environment in the clay interlayer in presence of the 
PPA moieties. The same shift in band has also been observed for other composite materials. 
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Figure 4.3 UV-Vis spectra of (a) parent clay, (b) PPA-clay, (c) ZrP-PPA and (d) PPA-
ZrP.  
All the PPA containing composites shows UV absorption maxima in the range of 255–265 nm. 
In case of the PPA–ZrP and ZrP–PPA, an additional band is observed at 210 nm. This band can 
be ascribed to the Zr4+ (4d) ←O2− (2p) charge transfer transition from the zirconia nanopillars 
present in the clay interlayer (Samantaray et al., 2011).  
4.2.4 THERMOGRAVIMETRIC ANALYSIS  
The TGA profile of the air dried Zr-P, PPA–clay and ZrP–PPA clay materials is depicted in Fig. 
4.4. Three major weight loss regions have been observed for the air dried Zr-pillared clay sample 
in the range of 50–200oC, 400–550oC and >550oC (Fig. 4.4, Panel I). The removal of adsorbed 
water molecules present in the interlayer region of pillared materials is responsible for the weight 
loss between 50–200oC. However, the weight loss detected in the range of 400–550oC and >500 
oC are accredited to the loss of structural water molecules and dehydroxylation of the pillars as 
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well as clay sheets, respectively. The weight loss at high temperature region (>550oC) is more 
gradual without any well-defined inflection point (Mishra and Ranga Rao, 2004). For ZrP–PPA 
three weight loss regions are also observed (Fig. 4.4, Panel III). The weight loss between 35–
120oC is due to the release of water molecules physically adsorbed into the pores of the clay 
matrix. The second weight loss between 125–180oC is due to loss of water molecules 
coordinated to the pillars. These water molecules are in a coordinated state and hence require 
higher temperature for their removal.  
 
Figure 4.4 Thermogravimetric profiles of (I) Zr-P, (II) PPA-Clay and (III) ZrP-PPA 
materials.  
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The third weight loss region observed in the temperature range 430–580oC is ascribed to the 
removal of polyphosphoric acid. This weight loss is relatively sharp and can be clearly 
differentiated from the high temperature weight loss observed for air dried Zr-pillared clay 
sample. The PPA–clay shows two major weight loss regions in the temperature range of 75–
175oC and 180–250oC (Fig. 4.4, Panel II). The low temperature weight loss can be ascribed to 
the removal of physisorbed water molecules present in the clay interlayer and attached to the 
clay sheet. The weight loss in the region 180–250oC is probably due to the removal of 
polyphosphoric acid in its monomeric form. Polyphosphoric acid is a linear polymer which 
contains mixture of oligomers of orthophosphoric acid up to 14 phosphorous units (Jameson, 
1959). Polyphosphoric acid undergo hydrolysis at a very sluggish rate in presence of water to 
convert to its monomeric form i.e. orthophosphoric acid. The rate of hydrolysis becomes 
significant at higher temperature in presence of excess of water (Platonov, 2000). It is possible 
that the hydrophilic environment of the clay interlayer coupled with the constrained interlayer 
region of the clay can promote the hydrolysis of PPA to orthophosphoric acid (boiling point 
160oC) which is released in the temperature range of 180–250oC. This hydrolysis process is 
suppressed to a greater extent in the Zr-pillared clay matrix. Although the hydrolysis of PPA in 
Zr-P matrix cannot be ruled out completely, a significant fraction of PPA remains in polymeric 
form and are removed in the temperature range of 430–580oC which is the normal boiling point 
range of PPA used in this study. 
4.2.5 FE-SEM STUDY 
The FE-SEM image of PPA–ZrP and ZrP–PPA composite materials is presented in Fig. 4.5. The 
PPA–ZrP composite material shows relatively smooth surface extending up to the edge of the 
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crystallites. The layer to layer orientation of the particles seems to be the favored orientation 
which leads to the morphology observed in Fig. 4.5a.  
 
  (a) 
 
(b) 
Figure 4.5 FE-SEM images (a) PPA-ZrP and (b) ZrP-PPA.  
In case of the PPA–ZrP composite, the PPA molecules are present in the interlayer space which 
is sandwiched between the clay sheets. The protons present in the PPA molecules can form an 
electrical double layer between the clay sheets facilitating the face to face interaction. Where as 
in case of ZrP–PPA, the pillaring of the clay with the Zr-polycations provides structural rigidity 
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to the clay lattice. Upon dispersion of the PPA in the Zr-P matrix, the PPA molecules occupy the 
micropores as well as the external surface. The presence of the PPA and its subsequent 
interaction with the faces and edges of the Zr-P crystallites distorts the lamellar structure of the 
clay platelets which results in particles with folded morphology (Fig. 4.5b). 
4.2.6 CATALYTIC STUDIES FOR SYNTHESIS OF TETRAHYDROPYRIDINES  
The catalytic activity of the clay–polymer composite systems is evaluated for the synthesis of 
tetrahydropyridines (THP) by one pot multicomponent condensation of aryl aldehydes, 
substituted aniline and -dicarbonyl compounds at 50oC using acetonitrile as solvent (Scheme 
4.1).  
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acetonitrile, 5 mL
 
Scheme 4.1 Synthesis of tetrahydropyridines by multicomponent one pot condensation of 
arylaldehydes, substituted aniline and β-dicarbonyl compounds. 
At first emphasis is led on optimizing the reaction condition. Multicomponent reaction of 
benzaldehyde, aniline, and ethylacetoacetate served as paradigm reaction for optimization. 
Initially, different clay–PPA composite materials synthesized in this work are evaluated for their 
activity using the model reaction. Table 4.2 shows the physicochemical characteristics of 
different clay–PPA composite systems along with the yield of THP obtained after 5 h of reaction. 
Among all the composite materials, the PPA–ZrP shows highest yield of the product. This 
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material also exhibits higher surface area and acidic property compared to other composite 
materials. Since the composite materials display different physicochemical characteristics, the 
reaction rates are calculated in terms of unit surface area and per gram of the material which is 
presented in Table 4.2. It is observed that among all the composite catalyst, the PPA–ZrP shows 
higher reaction rate per gram of the material. The higher reaction rate per unit surface observed 
for the PPA–clay composite material is due to the higher density of phosphorous atom per unit 
area compared to other catalyst. This material contains higher percentage of phosphorous atom 
as observed from the EDAX analysis. However, in terms of total number of acidic site exposed 
to the surface, the PPA–clay display less number of sites compared to other catalyst. This is due 
to the fact that the PPA blocks the micropore of the clay material decreasing its exposed surface 
significantly.  
Table 4.2 Physicochemical characteristics and catalytic activity of the clay-PPA 
composite materials.  
Material Acidic 
sitesa 
(mmolg-1) 
Phosphorous 
content (wt%) 
Yieldb 
(%) 
Rate 
(mmolh-1g-1) 
Rate 
(mmolh-1m-2 
x 10-3) 
TOFc 
(h-1) 
PPA-Clay 0.36 9.6 30.2 2.4 6.9 6.7 
PPA-CTAB-
Clay 
0.46 2.6 36.2 2.9 3.8 6.2 
PPA-ZrP 0.73 7.1 83.3 6.7 3.5 9.1 
ZrP-PPA 0.63 8.5 65.2 5.2 3.0 8.2 
Reaction condition: benzaldehyde:aniline:ethylacetoacetate 2:2:1, temperature 50 ◦C, 5 mL of acetonitrile, reaction 
time 5 h. 
a Calculated from non-aqueous titration. 
b Refers to pure and isolated yield. 
c Calculated with respect to the benzaldehyde conversion in the reaction mixture. 
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Moreover, due to the diffusional constraint the internal sites remain inaccessible for catalysis. 
The turn over frequency (TOF) calculated for all the composite materials are presented in Table 
4.2. The PPA–ZrP shows highest TOF compared to other composite materials. The PPA–ZrP 
material has been selected for further study for THP synthesis. The amount of catalysts in the 
reaction mixture is varied between 25 mg and 100 mg. It is observed that for reaction involving 2 
mmol of benzaldehyde, the yield of the reaction improves with catalyst amount up to 50 mg. 
Further increase in the catalyst amount only marginally influences the yield of the products (Fig. 
4.6, Panel I). Hence the catalyst amount was fixed at 50 mg. The effect of reaction temperature is 
studied by varying the temperature in the range of 30–60oC. It is observed that with increase in 
temperature the THP yield increases significantly up to 50oC. Further increase in temperature to 
60oC marginally improves the yield (Fig. 4.6, Panel II).  
 
Figure 4.6 Effect of catalyst amount, temperature and solvent on the yield of the 
tetrahydropyridine synthesized by one-pot multicomponent reaction of benzaldehyde, 
aniline and ethylacetoacetate. 
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Hence in this study, the reaction temperature is fixed at 50oC. In order to study the effect of 
reaction media on the catalytic activity, solvents with different polarity are used in the optimized 
reaction protocol. It is noticed that for nonpolar solvent such as hexane the yield of the product is 
very less. The yield is found to improve upon use of polar solvent. Among different solvent tried 
for the reaction, comparable yields of the THP are obtained in acetonitrile and ethanol. Hence 
acetonitrile is used as a solvent for further study (Fig. 4.6, Panel III). After optimizing the 
reaction conditions, we further investigated the scope and limitation of the optimized protocol 
using different β-dicarbonyl compounds, substituted aldehydes and substituted anilines (Table 
4.3). It is observed that aniline substituted with electron donating groups is more active for the 
synthesis of THPs. The mechanistic pathway for formation of THP has been reported earlier 
(Khan, et al., 2010a). The aniline reacts with one mole each of β-dicarbonyl compound and 
arylaldehyde to form the corresponding enamine and imine, respectively. Subsequently, the 
enamine undergoes intermolecular Mannich reaction with imine to generate an intermediate. 
This intermediate reacts with aldehyde followed by cyclization by intramolecular Mannich 
reaction to form the THPs (Scheme 4.2). 
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Table 4.3 Catalytic activity of PPA-ZrP composite materials for the synthesis of 
tetrahydropyridines by one-pot multicomponent reaction of aryl aldehydes, substituted 
anilines and ethylacetoacetate. 
 
Sl No R R1 R2 Yield (%) 
1 OCH3 4-NO2 H 68.1 
2 OC2H5 4-NO2 H 74.3 
3 C6H5 4-NO2 H 62.7 
4 OCH3 4-Cl H 75.3 
5 OC2H5 4-Cl H 82.4 
6 C6H5 4-Cl H 68.2 
7 OCH3 4-F H 81.2 
8 OC2H5 4-F H 79.8 
9 C6H5 4-F H 72.6 
10 OCH3 H H 78.5 
11 OC2H5 H H 83.3 
12 C6H5 H H 74.5 
13 OCH3 4-OCH3 H 76.6 
14 OC2H5 4-OCH3 H 84.5 
15 C6H5 4-OCH3 H 68.4 
16 OC2H5 H 4-Cl 78.0 
17 OC2H5 H 2-Cl 72.0 
18 OC2H5 H 3-OH 90.4 
19 OC2H5 H 4-F 70.8 
20 OC2H5 H 4-OCH3 88.2 
21 OC2H5 H 4-NO2 66.7 
22 OC2H5 H 2-OH 86.2 
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Scheme 4.2 Probable mechanistic path for synthesis of tetrahydropyridines catalyzed by 
PPA-ZrP composite material. 
The presence of electron donating group in the substituted aniline increases the nucleophilicity of 
the amine group thereby facilitating the formation of enamine and imine. Upon variation of β-
dicarbonyl compounds, it is noticed that the yield of the products are better in case of 
ethylacetoacetate as compared to that of methyl acetoacetate (Table 4.3). The minimum yield is 
observed when benzoyl acetone is used as β-dicarbonyl compound in the optimized protocol. 
The higher yield observed for ethylacetoacetate can be attributed to the greater acidic character 
of the alpha protons which facilitate the formation of the enamine. In case of benzoyl acetone the 
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COC6H5 group has electron withdrawing tendency and hence display weak acidic protons 
compared to its ester counterparts. However, for substituted aromatic aldehydes the electronic 
effect of the electron withdrawing or electron donating groups do not have much impact over the 
yield of the product. Among all aldehydes, the yield of the THP is less for p-nitrobenzaldehyde 
as compared to other substituted benzaldehydes. This is due to greater stability of the imine as 
the conjugation is extended to the NO2 group. After completion of the reaction, the catalyst 
particles are filtered from the reaction mixture. The catalyst is washed three times with 10 mL 
portion of ethanol and subsequently heat treated at 300oC for 2 h to regenerate the catalyst. The 
recyclability of the catalyst is studied for three consecutive cycles without any significant loss in 
activity (Table 4.3, entry 11, yields, 83%, 1st; 80%, 2nd; 78%, 3rd).  
Table 4.4 shows the comparison of the catalytic activity of the PPA-Zr-P material with the 
literature reported methods. The catalytic protocol developed in this work is found to be 
advantageous in terms of good yield and purity of the products, catalyst recyclability and less 
reaction time.  
Table 4.4 Comparison of the catalytic activity of PPA-ZrP with other catalytic systems 
reported in literature for synthesis of tetrahydropyridines. 
Sl. 
No 
Catalyst Reaction condition Yield (%) Reference  
1. PPA-ZrP Acetonitrile, 50 oC, 5 h 68-90 This work 
2. Bismuth nitrate Ethanol, room temp, 
12-48h 
41-81 Brahmachari and 
Das, 2012 
3. Tetrabutylammonium 
tribromide (TBATB) 
Ethanol, room temp, 8-
36h 
62-82 Khan et al.,  
2010a 
4. L-proline/TFA Acetonitrile, 20-30 oC, 
16-24 h  
55-75 Misra et al., 
2009 
5. Cerium ammonium 
nitrate (CAN) 
Acetonitrile, room 
temp, 15-35 h 
55-86 Wang et al., 
2011 
6. N,N,N’,N’-tetrabromobenzene-
1,3-disulfonamide [TBBDA] 
Ethanol, room temp, 7-
20 h 
68-91 Ramin and 
Hajar, 2013 
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Physical and spectra data of some representative compounds from Table 4.3 
Methyl 2,6-bis(4-chlorophenyl)-1-phenyl-4-(phenylamino)-1,2,5,6-tetrahydropyridine-3- 
Carboxylate (Table 4.3,  Entry 4) 
N
NH
OCH3
O
ClCl
 
Mp: 187-190 °C, IR (KBr) cm-1: 3230, 2942, 1655, 1590, 1490, 1250, 1068, 1H NMR (CDCl3) δ: 
2.75 (1H, dd), 2.80 (1H, dd), 3.90 (3H, s), 5.05-5.07 (1H, m), 6.33 (1H, s), 6.40 (2H, d), 6.48 
(2H, d), 6.62 (1H, t), 7.02-7.07 (4H, m),7.10- 7.15 (2H, m), 7.20-7.24 (7H, m), 10.24 (1H, brs). 
Ethyl 1,2,6-triphenyl-4-(phenylamino)-1,2,5,6-tetrahydropyridine-3-carboxylate (Table 4.3,  
Entry 11) 
N
NH
OC2H5
O
 
Mp: 176-178 °C,  IR (KBr) cm-1: 3245, 3057, 2978, 1651, 1590,1500, 1254, 1065, 1H NMR 
(CDCl3) δ: 1.48 (3H, t), 2.79 (1H, dd), 2.88 (1H, dd), 4.28-4.39 (1H, m), 4.40-4.50 (1H, m), 
5.13-5.15 (1H, m), 6.28-6.30 (2H, m), 6.45 (s, 1H), 6.50 (2H, d),6.60 (1H, t), 7.03-7.10 (5H, m), 
7.17-7.20 (2H, m), 7.25 (1H, d), 7.25-7.30 (5H, m), 7.35 (2H, d), 10.30 (1H, brs). 
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1,2,6-Triphenyl-4-(phenylamino) 1,2,5,6-tetrahydropyridin-3-yl phenyl methanone (Table 4.3,  
Entry 12) 
N
NH
C6H5
O
 
Mp: 192-194 °C, IR (KBr) cm-1:  3064, 3022, 1590, 1576, 1542, 1494, 1323, 1273, 1024, 1H 
NMR (CDCl3) δ: 2.82 (2H, d), 5.15 (1H, t), 6.27 (2H, dd), 6.43 (2H, d), 6.53(1H, s), 6.64 (1H, t), 
7.02-7.07 (3H, m), 7.09-7.15 (5H, m), 7.14-7.18 (1H, m), 7.19-7.22 (3H, m), 7.30-7.34 (4H, m), 
7.44-7.48 (2H, m), 7.74 (2H, dd) 12.91 (1H, brs). 
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PART B: SYNTHESIS OF HEXAHYDROPYRIMIDINES USING Zr-P-SULFONATED 
PVA COMPOSITE AS HETEROGENEOUS CATALYST 
4.3  INTRODUCTION 
Inorganic-organic hybrid materials have attracted a great deal of attention in recent years for 
their applications in many advanced fields such as optics, electronics, ionics, mechanics, 
membranes, protective coatings, catalysis, sensors and biology (Sayari and Hamoudi, 2001; 
Wright and Davis, 2002; Amali and Rana, 2008; Kalbasi and Mosaddegh,  2011;  Mittal and 
Matsko, 2012; Behrendt et al., 2013, Zhang et al., 2013). There are several types of organic-
inorganic hybrid materials ranging from functional microporous molecular materials to ordered 
mesoporous inorganic structures with organic species tethered to the surface to polymer-
inorganic nanocomposites (Wright and Davis, 2002; Mittal and Matsko, 2012; Zhang et al., 
2013).  From catalysis point of view, the inorganic-polymer nanocomposites are most promising. 
The most widely studied polymer based composite materials are the ordered silica-polymer 
nanocomposites and clay-polymer nanocomposites. The mesoporous silica based ordered 
materials such as MCM-41, MCM-48, SBA-1, SBA-15, KIT-6 provide large internal surface and 
uniform pore structure for dispersion of the polymeric moieties (Xu et al., 2003; Wang et al., 
2008; Zhu et al., 2011; Kalbasi and Mosaddegh,  2011; 2012; Li et al., 2012).  Different 
approaches have been adopted in literature to maximize the dispersion of the polymeric 
components in the inorganic matrices. Zhao and co-workers have prepared polymer-silica and 
carbon-silica nanocomposites with interpenetrating networks by the evaporation-induced 
triconstituent co-assembly method (Liu et al., 2006). These authors have used resol polymer as 
an organic precursor, prehydrolyzed TEOS as an inorganic precursor, and triblock copolymer 
F127 as template. Rioo and coworkers (Choi et al., 2005) have used free radical polymerization 
of various vinyl monomers, such as styrene, chloromethyl styrene, 2-hydroxyethyl methacrylate, 
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and methacrylic acid in conjugation with crosslinkers to yield a uniform coating of the polymer 
inside the mesopores of SBA-15. These polymeric systems have been subsequently 
functionalized with catalytically active groups to yield heterogeneous nanocomposite catalysts 
with excellent activity and selectivity for esterification reaction of benzyl alcohol with hexanoic 
acid.  
Clay-polymer nanocomposites comprise another class of promising materials which have been 
investigated for their thermal, mechanical, chemical and optical properties (Hetzer and Kee., 
2008; Pavlidou and Papaspyrides., 2008; Tămăşan et al., 2013; Tokarský et al., 2013). A 
polymer-clay nanocomposite is typically prepared by incorporating finely dispersed layered 
silicate materials into a polymer matrix. Broadly, there are two kinds of clay-polymer 
nanocomposites i.e. intercalated and exfoliated polymer-clay nanocomposites. Intercalated 
nanostructures are formed when a single extended polymer chain is intercalated between the clay 
layers where as exfoliated or delaminated clay-polymer nanocomposites are obtained when the 
clay layers are individually dispersed in the continuous polymer matrix (Hetzer and Kee., 2008; 
Pavlidou and Papaspyrides., 2008; Chiu et al., 2013). A variety of thermosetting and 
thermoplastic polymers such as polyamides, polymethyl methacrylate, polystyrene, 
polybenzoxale, polyolefins,  polyethylene terephthalate (PET), polyethylene oxide, poly (vinyl 
acetate), Poly (vinyl ethylene) and poly(vinyl pyrrilidone) have been used to prepare the clay-
polymer nanocomposite materials (Akelah and Moet 1996; Liao et al., 2001; Okamoto et al., 
2001; Hsu and Chang, 2002; Sun and Garces, 2002; Jana et al., 2011). Most of the studies 
reported so far deals with composites where the polymeric species is the major phase and the 
focus is on improving the physicochemical properties of the polymer with the aid of the clay 
sheets (Ray and Okamoto; 2003; Alena et al., 2013). In an alternative strategy, for application 
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pertaining to catalysis, the molecularly defined active sites of the polymeric species in 
conjugation with the active sites of the clay material can be used for efficient catalytic process 
where as the clay material provide a robust matrix for dispersion of the polymeric species. Very 
few works have been reported so far which deals with the catalytic application of clay-polymer 
composite materials. Hasan et al synthesized polymer/iron phthalocyanine/pillared clay 
nanocomposites by loading iron phthalocyanine onto the Ti- and V-pillared clay. The iron 
phthalocyanine loaded pillared clay sample have been used as efficient polymerization catalyst 
for in situ polymerization of methyl methacrylate (Hassan et al., 2010).  Similarly, there have 
been attempts to immobilize Ziegler–Natta, metallocene, and transition metal catalysts which 
have been used as olefins polymerization catalyst in order to produce the polyolefin/clay 
nanocomposites (Liu et al., 2003; He and Zhang, 2007; Scott et al., 2008;  Mignoni et al., 2011; 
Carrero et al., 2012; Abedi and Abdouss, 2014). Contin et al have synthesized noble metal 
nanoparticles containing poly(N-vinylcaprolactam-co-acetoacetoxyethyl methacrylate) 
microgel/clay nanohybrids (Contin et al., 2014). The microgel-clay supported metal 
nanoparticles have been used as an efficient catalyst for Suzuki and Sonogashira cross-coupling 
reactions. In order to study the catalytic efficiency of the clay-polymer nanocomposite systems 
for application in organic synthesis, in this work we have synthesized Zr-pillared clay-sulfonated 
PVA nanocomposite materials (ZrP-SPVA) and studied their catalytic application for synthesis 
of biologically important hexahydropyrimidines. In order to achieve effective sulfonation of the 
polymeric species and to facilitate its intercalation inside the clay interlayer, a low molecular 
weight PVA (Molecular Weight 14000) is chosen for synthesis of the composite material. Two 
different methods were used to synthesize the composite material. Firstly, the sulfonated PVA 
was intercalated inside the interlayer of clay, CTAB intercalated clay and Zr-Pillared clay from 
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aqueous solution. In an alternative approach, the PVA was intercalated inside the clay interlayer 
and then it was sulfonated inside the clay interlayer using chlorosulfonic acid as sulfonating 
agent to obtain the composite materials.  
Hexahydropyrimidines have received a great deal of attention in recent years for their 
important biological activities. Hexahydropyrimidines moieties are found in many natural 
alkaloids such as eudistomidines H, tetraponerines, verbametrine and verbamethin. Different N-
substituted hexahydropyrimidines are also used as synthon for spermidine-nitroimidazole drugs 
for the treatment of A549 lung carcinoma (Mukhopadhyay et al., 2011b; Janati et al., 2013). 
Owing to their attractive biological activity, the synthesis of this category of compounds has 
received much attention in recent years. The classical route for synthesis of 
hexahydropyrimidines involves the condensation of substituted propane-1,3-diamines with 
aldehydes or ketones. The main limitation associated with this method is the generation of an 
effective library of compounds being restrained by the availability of appropriately 
functionalized 1,3-diamines. Mukhopadhyay et al have recently developed a facile method for 
synthesis of hexahydropyrimidines by multicomponent condensation of 1,3-dicarbonyl 
compounds, amines and formaldehyde catalyzed by FeCl3 (Mukhopadhyay et al., 2011b). The 
other catalytic method which has been successfully developed include the synthesis of spiro-
hexahydropyrimidine derivatives using In(OTf)3 as catalyst (Dandia et al., 2012). However, to 
the best of our knowledge no heterogeneous catalytic protocol has been reported so far for 
synthesis of these important classes of compounds. Since the synthesis of hexahydropyrimidines 
require acidic sites, the use of heterogeneous catalyst containing molecularly well-defined strong 
surface acidic sites is highly desirable. In this work we have used the SPVA-Zr-pillared clay 
composite materials as environmentally benign heterogeneous catalyst for synthesis of 
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structurally diverse hexahydropyrimidines. The sulfonated PVA contain –SOH functional groups 
in its structure which is a strongly acidic functional group. Moreover, the –OH group of Zr-
pillared clay are known to display acidic character. It is expected that the synergistic effect 
between these acidic sites can help in efficient synthesis of hexahydropyrimidines.  
4.4 RESULTS AND DISCUSSION 
4.4.1 XRD STUDY 
The XRD patterns of the clay-polymer composite materials are presented in Fig. 4.7 and 4.8. The 
corresponding basal spacing values calculated from the XRD peaks are presented in Table 4.4. 
The formation of the Zr-pillared clay upon insertion of the zirconium oligomer clusters inside the 
clay interlayer was confirmed from the XRD study (section 4.2.1).  The calcined Zr-pillared clay 
shows a basal spacing value of 19.0 Å. The XRD patterns of the Clay-polymer composite 
materials synthesized by intercalation of the sulfonated polyvinyl alcohol are presented in Fig. 
4.7. The Clay-SP material shows an intense XRD peak at 2 = 6.8o corresponding to a basal 
spacing value of 12.8 Å. This value is identical to the basal spacing value observed for the parent 
clay. In addition to the intense peak at 6.8o, a broad XRD peak is observed at 2 value of 4.4o. 
The d001 spacing corresponding to this broad peak is 20.5 Å. The XRD profile of the Clay-SP 
material clearly indicates that a major fraction of the parent clay material is not intercalated with 
the sulfonated polyvinyl alcohol. The polymeric species mostly resides on the external surface of 
the clay. The CTAB-Clay on the other hand shows a prominent peak at 3.5o corresponding to 
d001 spacing of 25.2 Å. The enhanced interlayer spacing of the CTAB-Clay indicates 
intercalation of the SPVA polymeric chains inside the clay interlayer. The CTAB as a structure 
expanding agent increases the interlayer space of the clay material thereby facilitating the 
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intercalation of the sulfonated polymer. Moreover, it creates an organophillic environment inside 
the clay interlayer which is conducive for the intake of the organic polymer. 
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Figure 4.7 XRD patterns of (a) Clay-SP, (b) CTAB-Clay-SP, (c) ZrP-SP. 
When the dispersion of the polymeric chain was carried out inside the interlayer space of Zr-
pillared clay a broad XRD peak with basal spacing value of 19.2 Å is observed. This value is 
identical to the basal spacing value obtained for Zr-pillared clay. This observation indicate that 
the structurally rigid Zr-pillared clay structure remain unaffected as a result of intercalation of 
the sulfonated polyvinyl alcohol. The expanded interlayer structure and the open channels of the 
Zr-pillared clay is capable of accommodating the polymeric chains of the SPVA polymer which 
is quite evident from the high sulfur content for the ZrP-SP material (Table 4.4). The XRD 
patterns of the PVA intercalated clays sulfonated inside the clay interlayer using chlorosulfonic 
acid as sulfonating agent is presented in figure 4.8. The PVA-clay when sulfonated inside the 
clay interlayer shows a broad and intense peak with basal spacing value of 20.6 Å along with a 
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less intense but well defined peak with d001 spacing of 48.1 Å. This observation, in contrast to the 
SPVA intercalated clay, indicates a significant expansion of the clay structure when PVA is 
intercalated inside the clay followed by sulfonation inside the clay matrix. 
Table 4.5 Physicochemical characteristics and catalytic activity of ZrP-sulfonated PVA 
composite catalysts for the synthesis of hexahydropyrimidines by multicomponent 
condensation of ethylacetoacetate (1mmol), aniline (2 mmol) and formaldehyde (3 mmol). 
 
Sl 
No 
Catalyst Basal 
spacing (Å) 
Sulfur content 
(wt %)a 
Acidityb 
(mmol/g) 
MW exposure 
Time (min) 
Yield 
(%)c 
1 Clay-SP 12.8 (major) 
20.5 (minor) 
0.60 0.15 10 42.3 
2 CTAB-Clay-
SP 
25.2  1.78 0.28 10 65.7 
3 ZrP-SP 19.2 3.8 0.43 08 76.8 
4 Clay-PIS 20.6 (major) 
48.1 (minor) 
2.12 0.21 10 28.2 
5 CTAB-Clay-
PIS 
14.5 
48.1 
3.40 0.34 10 58.1 
6 ZrP-PIS 21.4 (major) 
48.5(minor) 
4.15 0.39 10 72.8 
a. Sulfur content calculated from EDAX analysis, b. calculated from non-aqueous titration, c. refers to pure 
and isolated yield 
The difference observed in the XRD peak position and intensity for the Clay-SP and Clay-PIS 
material can be related to the nature of the polymer. In case of Clay-SP the sulfonated polymers 
are intercalated inside the clay interlayer. The intercalation property of this polymer is 
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completely different from the neutral and hydrophilic polyvinyl alcohol. The PVA uptake is 
facilitated by the hydrophilic environment created in the interlayer of the clay material. The in 
situ sulfonation of the PVA was found to be beneficial in terms of efficient sulfonation of PVA 
as well as structural organization of the clay sheets to accommodate the sulfonated PVA 
polymeric chains. The sulfonation of the PVA moieties is evident from the sulfur content of the 
Clay-PIS material presented in Table 4.4.  
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Figure 4.8 XRD patterns of (a) Clay-PIS, (b) ZrP-PIS. 
The diffraction peak observed at lower 2 value for Clay-PIS and ZrP-PIS can be ascribed to the 
presence of multiple polymeric chains inside the clay interlayer. For ZrP-PIS material the d001 
peak is much broadened compared to the ZrP-SP material. This material has been synthesized by 
sulfonation of the intercalated PVA moieties inside the Zr-Pillared clay interlayer. It is 
anticipated that the presence of PVA inside the clay matrix may yield pillared material with 
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inhomogeneous pillar distribution and a consequent broadening in XRD peak. Moreover, the 
corrosive nature of chlorosulfonic acid can partly destroy the clay sheet resulting in broad peak 
for the Clay-PIS and ZrP-PIS material as comparted to the SP series of materials. Nevertheless, 
pillaring with the polycations traps the PVA species in the lateral space between the pillars 
which is helpful for the retention of the PVA species inside the clay matrix. 
4.4.2 FT-IR STUDY 
The FTIR spectra of the clay-polymer composite materials synthesized by both methods are 
presented in figure 4.9 and 4.10. The characteristic vibrational features corresponding to the –OH 
functionality of the clay sheets are preserved in the composite materials. The structural hydroxyl 
vibrations at 3630 and 1630 cm-1 significantly gains intensity upon pillaring followed by the 
dispersion of the polymeric species (Fig. 4.9 Panel I and II) (Sposito et al., 1983; Bodoardo et 
al., 1994; Mishra and Ranga Rao, 2005; Samantaray et al, 2011). In addition to the O-H 
stretching vibration, the clay-polymer composite materials show two less intense bands at 2850 
and 2920 cm−1
 
in the stretching region of the FTIR spectrum. These peaks are ascribed to 
symmetric and asymmetric stretching vibrations of CH2 group in the structural skeleton of the 
polymeric species as well as from the cetyl group of CTAB (Taghizadeh and Sabouri, 2013). In 
the bending mode region all the composite materials show three IR bands at 912, 840 and 795 
cm-1 corresponding to the bending vibration modes of the Al-Al-OH, Al-Mg-OH and Mg-Mg-
OH groups, respectively, in the octahedral layer of the montmorillonite. In addition to the 
characteristics clay vibrations, two additional bands are observed at 1155 and 1030 cm-1 for the 
clay-polymer composites.  
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Figure 4.9 FTIR spectra of (a) Clay, (b) Clay-SP, (c) CTAB-Clay-SP, (c) ZrP-SP. 
 
These bands are ascribed to the S=O and O–S–O vibrations of the sulfonate (-SO3H) group 
present in the polymer skeleton (Cristovan et al., 2006; Zhang et al., 2010). The FTIR study 
indicates the presence of sulfonated polymeric species in the clay interlayer and the clay material 
retains its structural integrity in the composite material. 
 
137 
 
3500 3000 2500
I
d
c
b
a
Tr
an
sm
itt
an
ce
 
(a.
u
.
)
1800 1650 1500
IId
c
b
a
 
Wavenumber (cm-1)
1200 1000 800
III
d
c
b
a
 
 
Figure 4.10 FTIR spectra of (a) Clay-PIS, (b) CTAB-Clay-PIS, (c) ZrP, (d) ZrP-PIS. 
4.4.3 UV-VIS STUDY 
The UV-visible spectra of pure clay material along with the Zr-P, ZrP-SP and ZrP-PIS are 
presented in figure 4.11. The band observed at 247 nm (Fig. 4.11a) is characteristic for 
montmorillonite clay and attributed to the charge transfer transition for the structural iron present 
in the octahedral layer of the clay mineral (Fe3+←O2−, OH− or OH2) (Mishra and Ranga Rao, 
2004).  
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Figure 4.11 UV-Vis spectra of (a) Clay, (b) Zr-P, (c) ZrP-SP, (d) ZrP-PIS. 
Incorporation of the Zr- nanopillars into the clay interlayer results in a change in the absorption 
feature of the parent clay. For Zr-P material, an additional band was observed at 210 nm. This 
band can be assigned to the Zr4+ O2- charge transfer transition arising out of the zirconia 
nanopillars present in the clay interlayer (Gao et al., 1999). Zirconia is a direct band gap 
insulator which shows interband transition in the UV region of the electronic spectrum 
corresponding to the O2-(2p) Zr4+ (4d) transition. Among the polymorphic forms of zirconia, 
the octacoordinated tetragonal (space group Fm3m) and cubic (space group P42/nmc) phases 
show UV absorption maxima in the range of 200-210 nm whereas the hepta coordinated 
monoclinic phase (space group P21/c) shows UV maxima around 240 nm (Lo´pezet al., 2001).  
It has been observed that as the coordination number of Zr4+ ion decreases from 8 to 6 the LMCT 
absorption maxima progressively shifts to lower energy (higher wavelength) (Gao et al., 1999; 
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Lo´pez et al., 2001; Li et al., 2001; Zhao et al., 2008). In case of Zr-P material, it is likely that 
extremely small zirconium dioxide nanoclusters exist as pillars with octacoordination in the clay 
interlayer. The essential UV-vis spectral feature of the clay material was found to be preserved in 
case of ZrP-SP and ZrP-PIS materials. However, in both materials an additional broad shoulder 
was observed in the wavelength range of 340-360 nm. Since, the polymer skeleton does not 
absorb UV-vis light in the spectral range of 200-800 nm. This broad shoulder can be ascribed to 
the transition from the hydrated sulfonated clusters of the sulfonated polymer. Similar 
observation has been noted in case of hydrates nafion polymer which contains sulfonic acid 
group (Almeida and Kawano, 1997; Swetha and Kumar, 2013). The hydrophilic environment 
inside the clay interlayer can facilitate the hydration of the sulfonic acid clusters of the 
sulfonated polyvinyl alcohol polymer. The UV-Vis study supplements the observation from 
FTIR study towards the presence of sulfonate groups in the composite system in a hydrated state.  
4.4.4 FE-SEM STUDY 
The FE-SEM images of the sulfonated polyvinyl alcohol- clay composite materials are presented 
in Figure 4.12. The Clay-SP and clay-PIS materials show presence of individual clay sheets 
randomly oriented in the clay particles. Clay platelets of different dimensions are clearly 
observed from the FE-SEM images in Figure 4.12(a and b). This observation suggests that upon 
intercalation of the polymeric species the clay platelets are widely separated from one another 
resulting in an exfoliated state. In both these materials, the polymeric molecules present in the 
interlayer considerably reduce the electrostatic forces between the clay platelets resulting in the 
expansion in the clay lattice and subsequent separation of the clay sheets. Contrary to this 
observation, both the pillared materials shows particle with folded morphology. The structural 
rigidity achieved due to pillaring seems to be the factor which is responsible for this morphology. 
 
140 
 
 
(a)                                                                                  (b) 
 
 
                           (c)                                                                                  (d) 
Figure 4.12 FE-SEM image of (a) Clay-SP, (b) Clay-PIS, (c) ZrP-SP and (d) ZrP-PIS. 
Upon dispersion of the SPVA in the Zr-P matrix, the SPVA species occupy the micropores as 
well as the external surface. The presence of the SPVA and its subsequent interaction with the 
faces and edges of the Zr-P crystallites distorts the lamellar structure of the clay platelets which 
results in particles with folded morphology. 
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4.4.5 CATALYTIC STUDIES FOR SYNTHESIS OF HEXAHYDROPYRIMIDINES 
The catalytic activity of sulfonated polyvinyl alcohol-Zr-pillared clay composite materials has 
been studied for the synthesis of hexahydropyrimidines (HHP). The HHPs are synthesized by 
one-pot multicomponent condensation of β- dicarbonyl compounds (1mmol), substituted anilines 
(2 mmol) and formaldehyde (3mmol) using conventional heating as well as microwave as energy 
source (Scheme 4.3). 
H3C R1
O O
+ HCHO +
NH2
R2
ZrP-SPVA
MW, solvent free N N
H3C R1
O O
R2 R2
(1 mmol) (3 mmol) (2 mmol)
 
Scheme 4.3 Synthesis of hexahydropyrimidines by multicomponent one pot condensation 
of β-dicarbonyl compounds, substituted aniline and formaldehyde. 
 
The reaction conditions are optimized initially by taking the condensation of ethylacetoacetate 
(1mmol), aniline (2 mmol) and formaldehyde (3 mmol) as a model reaction. The 
multicomponent reactions are carried out under microwave irradiation at 900 W taking 50 mg of 
different composite materials as catalyst. The yields of the products obtained from the catalytic 
studies are presented in Table 4.4. Among all the composite materials, the ZrP-SP material 
exhibit highest yield of the product (76.8%) within a microwave exposure time span of 8 
minutes. The physicochemical properties of the composite materials are also listed in Table 4.4. 
The yield of the product correlate well with the acidic sites of the materials determined from 
non-aqueous titration method. A comparison of the catalytic activity for the non-pillared 
composites with pillared catalytic system indicate that the pillared clay based composite 
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materials show higher catalytic activity and possess greater number of acidic sites. During the 
process of pillaring, the expansion in the clay structure and the desegregation of the clay particles 
increases the accessibility of the catalytically active sites present in the interlayer space of the 
clay materials. Moreover, the Zr-pillars can contain new acidic sites which are catalytically 
active. For all the composite materials, a good correlation is observed between the number of 
acidic sites and the sulphur content. This observation indicate that the sulfonate groups of the 
polymer and the hydroxy groups of the clay sheet and the pillars act as acidic sites which are 
responsible for the observed catalytic activity. Among the pillared clay based composite 
materials, the ZrP-SP material shows marginally better yield of the product compared to the ZrP-
PIS materials.  Hence the ZrP-SP material was selected for further catalytic studies.  Various 
reaction parameters such as catalyst amount, microwave power and exposure duration are varied 
to obtain the optimized protocol. The detailed results of these catalytic experiments are presented 
in Fig. 4.13. It is observed that for the model reaction involving 2 mmol of aniline, 50 mg of the 
catalyst is ideal for efficient condensation of the reactants for a microwave exposure time of 8 
min at 900 W. Further increase in catalyst amount does not have any significant impact on the 
yield of the product (Fig. 4.13). The microwave power is varied in the range of 450-900 W. With 
increase in microwave power the yield of the product is found to increase. Hence in this study, 
900 W is selected as the preferable microwave power (Fig. 4.13).  
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Figure 4.13 Effect of catalyst amount and microwave power on the catalytic activity of 
ZrP-SP catalyst for the synthesis of hexahydropyrimidines by multicomponent 
condensation of ethylacetoacetate (1mmol), aniline (2 mmol) and formaldehyde (3 mmol). 
 
In order to evaluate the catalytic activity under diverse conditions, hexahydropyrimidines are 
also synthesized in different reaction media using conventional heating in an oil bath. The 
reaction stoichiometry employed for this protocol is identical to the one used in the microwave 
synthesis procedure. Initially, the reaction temperature is optimized for the model reaction by 
varying temperature in the range of 50-80oC using ethanol as a solvent. It is observed that the 
yield of the product increases with increase in temperature upto 70oC. Further increase in 
temperature marginally improves the yield. Hence the temperature of the reaction is fixed at 
70oC (Fig. 4.14). In order to study the effect of reaction media on the catalytic activity, solvents 
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with different polarity are used in the optimized reaction protocol. It is noticed that for nonpolar 
solvent such as hexane the yield of the product is less. The yield is found to improve upon use of 
polar solvent. Among different solvent used for the reaction, best yield of the HHP was obtained 
when ethanol is used as solvent (Fig. 4.14, Panel II). After optimizing the reaction conditions for 
both conventional as well as microwave heating route, we explored the scope and limitation of 
the optimized protocol by using different β-dicarbonyl compounds and substituted anilines.   
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Figure 4.14 Effect of temperature and reaction media on the catalytic activity of ZrP-SP 
catalyst for the synthesis of hexahydropyrimidines obtained by multicomponent 
condensation of ethylacetoacetate (1mmol), aniline (2 mmol) and formaldehyde (3 mmol). 
Table 4.5 shows the yield of different substituted hexahydropyrimidines prepared by both 
conventional as well as microwave heating route. Structurally diverse hexahydropyrimidines are 
synthesized in high yield and purity using the optimized protocols.  
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Table 4.6 Catalytic activity of ZrP-SP composite material for synthesis of 
hexahydropyrimidines by multicomponent condensation of -dicarbonyl compounds 
substituted aniline and formaldehyde. 
Sl. 
No 
R1 R2 MW assisted synthesis Conventional 
route 
yield (%)a 
Exposure 
time (min) 
Yield (%) 
1 OC2H5 H 8 76.8 81.2 
2 OC2H5 4-Cl 10 72.0 75.5 
3 OC2H5 4-OCH3 8 82.5 85.7 
4 OC2H5 4-NO2 12 68.3 69.6 
5 OCH3 H 10 73.2 78.7 
6 OCH3 4-Cl 10 65.0 65.3 
7 OCH3 4-OCH3 10 74.3 82.1 
8 OCH3 4-NO2 12 63.0 66.0 
9 C6H5 H 14 68.0 72.5 
10 C6H5 4-OCH3 14 75.0 80.3 
a. isolated yield obtained after 6 h of reaction time using ethanol as solvent 
Comparing both protocols, although the yields of the products are marginally better in the 
conventional route, the reaction rate is quite sluggish as compared to the microwave assisted 
synthesis under solvent free condition. Among different substrates used for the reaction, the 
substituted anilines containing electron donating group reacts faster in the optimized protocol 
than the anilines containing electron withdrawing groups. Similarly, the reactivity of the β- 
dicarbonyl compounds varies in the order ethylacetoacetate > methylacetoacetate > 
benzoylacetate. A comparison of the catalytic activity of the ZrP-SP material with earlier 
literature reported system is presented in table 4.7.  Among the few catalytic protocols reported 
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for synthesis of HHPs, the FeCl3 and In(OTf)3  are homogeneous catalyst which suffer from the 
drawbacks such as catalyst handling, separation and purification of the products. The Fe3O4 
catalyst although heterogeneous in nature requires higher temperature for synthesis. In the 
present study, comparable yield of the products are obtained in high purity. Moreover, the use of 
microwave in conjugation with the ZrP-SP catalyst significantly reduces the reaction time. The 
present protocol is advantageous in terms of heterogeneous and recyclable catalyst and lower 
reaction time.   
Table 4.7 Comparison of the catalytic activity of ZrP-SP with other catalytic systems 
reported in literature for synthesis of hexahydropyrimidines. 
Sl. 
No 
Catalyst Reaction condition Yield 
(%) 
Reference  
1.  ZrP-SP (a)Ethanol, 70 oC, 6 h 
(b)Microwave,8-14min 
(a) 65-85 
(b) 65-82 
This work 
2. FeCl3 Dichloromethane, 25-
30 oC, stir, 6 h 
63-92 Mukhopadhyay 
et al., 2011b 
3. Superparamagnetic Fe3O4 Solvent free, 80 oC, 
stir, 2-5 h 
70-94 Janati et al., 2013 
4.  In(OTf)3 Dichloromethane, room 
temp, 4-6 h, stir 
50-80 Dandia et al., 
2012 
 
The mechanistic path for the synthesis of hexahydropyrimidines has been reported in the 
literature (Janati et al., 2013). Initially, one mole of aniline reacts with one mole of formaldehyde 
to form the enamine (I). The enamine reacts with the enolic form of the β dicarbonyl compound 
to form the adduct (III). The enolic form of adduct (III) react with another mole of enamine to 
give (V). The intermediate (V) undergo cyclodehydration reaction in presence of one mole of 
formaldehyde to form the hexahydropyrimidines (Scheme 4.4).   
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Scheme 4.4 Probable mechanistic path for synthesis of hexahydropyrimidines catalyzed 
by ZrP-SP composite material. 
The acidic sites of the ZrP-polymer composite material can catalyze the enamine formation, 
keto-enol tautomerism and cyclodehydartion steps in expediting the rate of hexahydropyrimidine 
formation.  
 
Physical and spectra data of some representative compounds from Table 4.5  
5-Acetyl-1,3-diphenyl-hexahydro-pyrimidine-5-carboxylic acid ethyl ester (Table 4.5, entry 1)  
    
N N
O
OC2H5
O
 
148 
 
IR (KBr): 3035, 2920, 2840, 1720, 1495, 1380, 1220, 1028 and 940 cm-1 1H NMR (400 MHz, 
CDCl3): 7.32–7.28 (4H, m, ArH), 7.05 (4H, dd, ArH), 6.95–6.93 (2H, m, ArH), 4.54 (1H, d, 
equatorial N–CH–N), 4.49 (1H, d, axial  N–CH–N), 3.99 (2H, q, O–CH2), 3.85–3.79(4H, m, 
2xN–CH2), 2.21 (3H, s, CH3-CO), 1.17 (3H, t, COOCH2CH3). 
5-Acetyl-1,3-bis-(4-nitrophenyl)-hexahydropyrimidine-5-carboxylic acid ethyl ester (Table 
4.5, entry 4) 
N N
O
OC2H5
O
NO2O2N
 
IR (KBr) 3035, 2940, 2825, 1710, 1480, 1354, 1232, 1026, 997 cm-1 1H NMR (400 MHz, 
CDCl3): 8.11(4H, d, ArH), 7.51 (4H, d, ArH), 4.42 (1H, d, equatorial N–CH–N), 4.26 (1H, d, 
axial N–CH–N), 4.06 (2H, q, O–CH), 3.82 (2H, d,  N–CH2), 3.72 (2H, d, N–CH2), 2.28 (3H, s, 
CH3 –CO), 1.20 (3H, t,O–CH2–CH3). 
4.5 CONCLUSIONS 
In  this  chapter,  we  have  studied  the  synthesis,  characterization and  catalytic  application  of  
Zr-pillared clay-polymer composite catalytic systems. Two polymeric species with acidic 
functionality i.e. polyphosphoric acid and sulfonated polyvinyl alcohol, have been used for the 
synthesis of the composite materials. Different preparative strategies are adopted to maximize 
the dispersion and entrapment of the polymeric species in the clay and pillared clay matrix. The 
use of CTAB as a structure expansion agent is found to be beneficial in terms of the higher 
uptake of the polymer as compared to the parent clay. The expansion of the layered structure of 
the clay material is observed as a result of the incorporation of the polymers as well as due to 
pillaring with the Zr-polycations. In case of the PPA based polymeric composites, the Zr-pillared 
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clay provides an efficient matrix for dispersion and stabilization of the PPA moieties. The 
hydrolysis of PPA species to small oligomers is suppressed to a large extent due to the expanded 
interlayer space of the Zr-pillared clay. In case of SPVA-ZrP composite system, the intercalation 
behaviour of the polymer was found to be crucial for the final properties of the composite 
system. The intercalation of hydrophilic PVA polymer inside the clay structure is facilitated by 
the hydrophilic character of the clay interlayer. The structural integrity and the presence of 
required functionality in the clay and polymer structure is confirmed from the FTIR and UV-Vis 
study. The clay sheets are largely present in an exfoliated state in the polymeric composite 
involving parent clay. However, the insertion of the Zr-pillar imparts structural rigidity and 
consequent changes in the morphological features as observed from FESEM study. The catalytic 
activity of the PPA-ZrP composite system is evaluated for synthesis of tetrahydropyridines by 
one pot multicomponent condensation of aromatic aldehydes, substituted aniline, and - 
dicarbonyl compounds. Similarly, the ZrP-SP material is used as an efficient catalyst for 
synthesis of hexahydropyrimidines by multicomponent condensation of substituted aniline, 
formaldehyde and -dicarbonyl compounds. Structurally diverse tetrahydropyridines and 
hexahydropyrimidines were synthesized in high yield and purity using the composite catalytic 
systems. This chapter demonstrates the applicability of the clay-polymer composite materials as 
efficient catalytic system for synthesis of biologically important molecules.  
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CHAPTER 5 
CATALYTIC APPLICATION OF Pd AND Pd BASED BIMETALLIC 
PARTICLES SUPPORTED ON Al-PILLARED CLAY 
 
PART A: HYDRODEHALOGENATION OF HALOGENATED PHENOLS OVER 
Pd/Al-PILLARED CLAY 
5.1 INTRODUCTION 
Halogenated organic compounds are used as precursors in several industries for the synthesis 
of herbicides, wood preservatives, dyes, plant regulators, disinfectants and insecticides (Hoke 
et al., 1992; Molina et al., 2009a; 2009b; 2010). These compounds are highly toxic and non-
biodegradable. The halogenated organics can enter into the environment causing imbalance in 
ecological cycle (Molina et al., 2009a). This has necessitated the treatment of industrial 
effluents containing haloginated organic pollutants before discarding them into environment. 
Some prevalent processes for treatment of halogenated organics include super critical water 
oxidation, wet air oxidation, UV photolysis, incineration, adsorption on activated carbon and 
biodegradation (Hoke et al., 1992; Keane and Murzin, 2001). However, these processes have 
certain drawbacks. Incineration and chemical oxidation lead to incomplete decomposition of 
organic compounds thereby producing lethal substances such as polychlorinated 
dibenzodioxins and polychlorinated dibenzofurans compounds (Shin and Keane, 1998; 
Molina et al., 2010). Biodegradation process is cost ineffective as it requires huge reactors, 
greater retention time and precise environment for carrying out anaerobic oxidation (Keane 
and Murzin, 2001; Patel and Suresh, 2007; Dı´az et al., 2008). Catalytic hydrodehalogenation 
(HDH) is one of the promising strategies for the removal of halogen under milder conditions 
(Molina et al., 2009b). HDH is effectively catalysed by transition and noble metals such as 
Pd, Pt, Ni and Rh. During catalytic process molecular hydrogen get cleaved to active 
hydrogen species on the metal surface which play an important role in dissociation of C-Cl 
bond of the substrate (Patel and Suresh, 2007).  Xu et al. had studied the gas phase HDH of 
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chlorobenzene at 573 K using nickel particles supported over TiO2 as catalyst. Although Ni 
metal proved to be an efficient catalyst, it requires higher temperature and high pressure for 
effective dechlorination of chlororganics (Srebowata et al., 2007).  Srikanth et al had applied 
supported ruthenium particles as catalyst for the hydrodechlorination (HDC) of 1,2,4-
trichlorbenzene. Ru supported over carbon and SBA-15 exhibit higher catalytic efficiency 
compared to other supports studied.  Better dispersion and smaller particle size of the Ru 
metal over these supports has been responsible for higher HDC activity (Srikanth et al., 
2011). Rh particles supported over reduced graphene oxide is found to be effective for 
hydrodechlorination of 4-Chlorophenol. The synergistic effect of the smaller size of Rh 
particles and surface hydroxyl groups of the support has been invoked to explain the HDC 
activity (Ren et al., 2014). Pt metal supported over Al-pillared clay has been employed as 
catalyst for HDC of 4-chlorophenol (Molina et al., 2009b). Although supported Pt shows 
good catalytic activity, it exhibit poor reusability due to formation of carbonaceous materials 
(Molina et al., 2009a; 2009b). Palladium (Pd) is one of the promising noble metal for 
hydrodehalogenation process as it has greater selectivity for the replacement of chlorine atom 
by hydrogen. Moreover, Pd gets less deactivated by the released hydrogen halides which act 
as catalyst poison. Pd metal in finely dispersed form as well as in supported state on 
catalytically active functional and porous supports has been studied for hydrodechlorination 
(HDC) process (Urbano and Marinas, 2001; Amorim et al., 2005; Gopinath et al., 2008; 
Zhang et al., 2013a). The physicochemical properties of support such as pore structure, 
surface area, electronic interaction with metal and surface functionality strongly influences 
the dispersion of the metal particles and control the catalyst deactivation. The dispersion of 
the Pd nanoparticles is also dependent on the type of metal precursor used and its subsequent 
interaction with the support (Aramend´ıa et al., 1999; Urbano and Marinas, 2001). Certain 
inorganic supports promote side reactions such as Cl/F exchange thereby causing loss in 
selectivity. Some support gets deactivated by reaction with the generated hydrogen halides 
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(Van de Sandt et al., 1998; Urbano and Marinas, 2001). The proper choice of support is 
highly essential to obtain stable catalytic activity.  Pd supported over -Al2O3 show greater 
selectivity for complete hydrodehalogenation of CH2F2 (Juszczyk et al., 1997; Urbano and 
Marinas, 2001). Anwer et. al have compared the activity Pd particles supported on Al2O3, 
keisulghur, CaCO3, BaSO4 and carbon. The Pd/C shows highest catalytic activity for 
hydrodechlorination of parachloroanisole. The enhanced catalytic activity for Pd/C has been 
attributed to the hydrophobicity of the carbon which facilitates the adsorption of substrate on 
its surface (Anwer et al., 1999). Earlier work reported in literature shows that Pd supported 
over clay and pillared clay materials have been used as catalyst for several industrially 
important reactions  (Zuo and Zhou, 2008; Wang et al., 2013; Molina et al., 2014; Pizarro et 
al., 2014). Pillared clay supported noble metals such as Pd and Pt have been explored for 
catalytic reduction of nitric oxide, propene combustion, combustion of methyl ethyl ketone, 
hydrogenation of phenyl alkyl acetylenes, hydrogenation of adipic ester, oxidation of 
aromatic VOCs and deep oxidation of benzene (Gil et al., 2001; Qi et al., 2004; Astorga et 
al., 2005; Zuo and Zhou, 2006; Figueiredo et al., 2008; Oliveira et al., 2008; Azna´rez et al., 
2011).  
In this work, we have studied the catalytic application of Pd metal supported Al-pillared clay 
for the hydrodehalogenation of halogenated organic compounds under mild conditions. 
Instead of using molecular hydrogen, we have used hydrazine hydrate as a hydrogen transfer 
agent to carry out the hydrodehalogenation process.  
5.2 RESULTS AND DISCUSSION 
5.2.1 XRD STUDY 
The XRD patterns of the parent clay, Al–P and the Pd/Al–P materials are presented in Fig. 
5.1 and the corresponding basal spacing values are given in Table 5.1. The parent clay shows 
a sharp and intense reﬂection at 2 = 6.8 Å from the (001) planes corresponding to the basal 
spacing of 12.9 Å (Fig. 5.1a). The insertion of the Al-polycationic clusters into the clay 
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interlayer resulted in an expansion of the clay interlayer. The calcined Al–P material shows a 
d001 spacing of 19.2 Å (Fig. 5.1b). The preparation and characterization of the Al-pillared 
clay materials have been studied earlier by many authors in the literature (Salerno and 
Mendioroz, 2002; Sapag and Mendioroz, 2001; Vicente et al., 2003; Moronta et al., 2008) 
The Al pillaring species are generally prepared by the controlled hydrolysis of AlCl3.6H2O at 
moderately concentrated aqueous solutions. The basal spacing value observed in this study is 
in accordance with the earlier literature reported value for Al-pillared clay materials (Vicente 
et al., 2003; Ranga Rao and Mishra, 2007).  
 
Figure 5.1 XRD patterns of (a) Clay, (b) Al-P and (c) Pd/Al-P. 
After dispersion of the Pd nanoparticles in the Al-pillared clay matrix, the d001 peak is found 
to be broadened slightly without any signiﬁcant reduction in intensity. Nevertheless, the 
Pd/Al–P material exhibit crystalline character with regular stacking of the clay sheet (Fig. 
5.1c). Since the Pd particles have been synthesized using mild chemical reduction method, it 
3 6 9 12 15
c
b
a
In
te
n
s
it
y
 (
a
.u
.)
2 (degrees)
154 
 
is expected that the structural characteristics of the pillared clay will remain unchanged after 
supporting Pd particles. The Pd/Al–P material shows a basal spacing of 18.6 Å.  
Table 5.1  Physicochemical properties of parent clay, Al-P and Pd/Al-P. 
Sample Surface 
area(m2/g) 
Basal 
spacing (Å) 
Pore 
Volume(cc/g) 
Clay  30 12.9 0.06 
Al-P 245 19.2 0.18 
Pd/Al-P 186 18.6 0.10 
 
5.2.2 FTIR STUDY 
The FT-IR spectra of parent clay and Al-pillared clay along with the Pd/Al–P are presented in 
Fig. 5.2. The characteristics vibrational feature corresponding to the clay sheet is preserved in 
the supported metallic system (Bodoardo et al., 1994; Mishra and G. Ranga Rao, 2004, 
Samantaray et al., 2011). Pillaring with Al-polycation significantly enhances the intensity of 
the structural –OH vibrations. For pillared materials, the band at 3450 cm-1 also gains 
intensity indicating an improvement in the water retention capacity of the clay material as a 
result of pillaring. In the spectral region of 600–1000 cm-1, the parent clay and Al- pillared 
clay shows a series of discrete peaks (Fig. 5.2III). Three bands observed at 915, 845 and 805 
cm-1 are attributed to the bending vibration modes of Al–Al–OH, Al–Mg–OH and Mg–Mg–
OH groups, respectively, in the octahedral layer of the montmorillonite clay (Sposito et al., 
1983). For the Pd supported pillared clay material the peak positions have been shifted to 
higher wavenumber by 10-15 cm-1. This may be attributed to the orientational changes in the 
O–H bond present in the octahedral layer. It is believed that the presence of Pd nanoparticles 
cause steric hindrance to the protruded –OH groups of the octahedral layer. The OH group 
can change orientation to minimize steric repulsion which resulted in shifting of the bending 
vibration to higher wave number. Another noticeable change in the IR spectra is the reduction 
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in the intensity of the OH stretching vibration in case of Pd supported system. It is known 
from literature that the OH group exist primarily in the edge of the clay sheet, along broken 
edges as well as attached to surface Al and Si atoms. These locations can serve as sites for 
anchoring Pd particles in the clay matrix (Molina et al., 2009a; Azna´rez et al., 2011). 
 
 
Figure 5.2 FTIR Spectra of (a) Pd/Al–P, (b) Al–P and (c) clay. 
5.2.3 SORPTOMETRIC STUDY 
The N2 sorption isotherm of Al–P and Pd/Al–P is presented in Fig. 5.3. The corresponding 
surface area and total pore volume obtained from the N2 sorption studies are given in Table 
5.1. Both the pillared clay materials show high initial adsorption and near horizontal plateau 
which extends up to the relative pressure ~ 0.9. The sorption isotherms observed for these 
pillared clays are Type I according to the Brunauer, Deming, Deming, Teller (BDDT) 
classification indicating the presence of micropores (Gil et al., 2000a; Sowmiya et al., 2007; 
Gil et al., 2011; Jalil et al., 2014 ). The hysteresis loops observed for these materials are H3 
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type according to IUPAC classification and attributed to slit shaped pores or plate like 
particles with space between the parallel plates (Gregg and Sing, 1982). The pillaring process 
has a large impact on the surface area and pore volume of the parent clay (Table 5.1).  
 
Figure 5.3 N2 adsorption desorption isotherms of (a) Al-P and (b) Pd/Al-P. 
The parent clay displays a surface area of 30 m2/g. After pillaring with the Al-polycations 
surface area of 245 m2/g is achieved. During the process of pillaring, the expansion in the 
clay structure and the desegregation of the clay particles largely contributes to the 
enhancement of the surface area and porosity of the clay materials. After dispersion of the Pd 
nanoparticles, the surface area and pore volume of the pillared clay decreases due to the 
partial blocking of the pores by the Pd particles (Table 5.1).  
5.2.4 FE-SEM STUDY 
The scanning electron micrographs of the Al–P and Pd/Al–P are presented in Fig. 5.4. The 
Al–P material shows the presence of disorderly arranged clay lamellae. The individual clay 
platelets are desegregated and express themselves as exfoliated sheets. The pillars act as rigid 
crosslinkers which holds the clay sheets apart promoting face to face interaction among the 
clay platelets stabilizing the lamellar structure. The Pd/Al–P material, on the other hand, 
shows folded particle shape (Fig. 5.4b). Large agglomerated particles of irregular shape and 
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size is observed for Pd/Al–P material which may be ascribed to the edge to edge and edge to 
face interactions.  
          
(a)                       (b)   
Figure 5.4 FE-SEM images of (a) Al-P and (b) Pd/Al-P. 
5.2.5 TEM STUDY 
The transmission electron micrograph for Pd nanoparticles supported over Al–P is 
represented in Fig. 5.5. The TEM study indicates that Pd particles are well dispersed in the 
pillared clay matrix and separated from one another without any sign of agglomeration.  
 
 
Figure 5.5 Transmission electron micrograph of Pd/Al-P. 
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The particle size of Pd particles is in the range 5–30 nm. The well dispersion of the metallic 
nanoparticles can be ascribed to the enhanced surface area and porosity of the clay material 
achieved due to the process of pillaring. The Al2O3 nanoclusters inserted into the clay layer 
act as pillars and hold two clay sheets apart from each other. Significant interlayer expansion 
and exfoliation takes place during the process of pillaring. This leads to the enhancement of 
the interlayer spacing and porosity of the Al–P which effectively disperse the Pd 
nanoparticles in the Al–P clay matrix. 
5.2.6 CATALYTIC ACTIVITY OF Pd/Al–P MATERIALS FOR 
HYDRODEHALOGENATION (HDH) REACTION 
The Pd/Al–P material is used as an efficient heterogeneous catalyst for the HDH of 
halogenated aromatic phenols. Initially, in order to establish the role of support for the HDH 
reaction, the Pd metal is dispersed on various intercalated and pillared clays. The catalytic 
activity of the clay supported systems was evaluated by taking the HDH of p-chlorophenol as 
a model reaction. Figure 5.6 shows the time vs conversion profile of Pd metal supported on 
clay, CTAB intercalated clay, Al- and Zr-pillared clay materials. Among all the clay 
materials used in this study the Pd nanoparticles supported on Al-pillared clay show 
maximum activity and 100 % selectivity towards the HDC process. In literature two 
mechanistic pathways have been proposed to explain the HDH activity of supported Pd 
particles (Kovenklioglu et al., 1992; Gampine and Eyman, 1998; Sainero et al., 2004; Yuan 
and Keane, 2007; Chaplin et al., 2012). Some studies have proposed that the chlorinated 
compounds are initially adsorbed on the support surface and then they shift to the Pd particles 
for the HDH reaction to take place (Gampine and Eyman, 1998). The second mechanism 
proposed involve the cleavage of the C-X (halogen) bond over support surface and 
replacement of spill over hydrogen from Pd onto the support for HDH activity. In both the 
mechanism the support play a major role and effectively controls the HDH activity of Pd 
particles (Gampine and Eyman, 1998). 
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Figure 5.6 Effect of different supports used for dispersion of 5 wt% Pd particles on 
the HDC activity for p-Chlorophenol. 
Figure 5.6 reveals that for Pd/Zr–P material the rate of hydrodechlorination is sluggish with 
26 % conversion achieved after 5 h of reaction. The Pd/CTAB-clay show improved catalytic 
efficiency compared to the Pd/Zr–P material possibly due to the organophillic environment 
generated by CTAB species which helps in the adsorption of the p-chlorophenols by 
hydrophobic interactions. The Pd metal supported on parent clay show least activity. From 
the result shown in Fig. 5.6, the Al-pillared clay was chosen as support for Pd nanoparticles 
for further study. The reaction conditions are further optimized by using different hydrogen 
transfer agents. Figure 5.7 shows the time vs conversion plot for hydrodechlorination of p-
chlorophenol using different hydrogen transfer agents over Pd/Al–P catalyst. Among all 
hydrogenating agents, hydrazine hydrate is found to be most efficient for HDH of p-
chlorophenol. 
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Figure 5.7 Effect of (a) different hydrogen transfer reagents and (b) hydrazine 
hydrate as hydrogen donors on the catalytic activity of Pd/Al-P for the 
hydrodechlorination of p-chlorophenol.  
The reduction potential and the molecular size of the hydrogen transfer agent are important 
factors which determine the rate of hydrogen liberation from the molecule. Among different 
hydrogen transfer agents used in this study, benzyl alcohol and formic acid are bulkier 
molecules which hinder their adsorption and transport to the Pd surface. The lower activity 
observed for molecular hydrogen can be ascribed to its limited solubility in aqueous media 
and lower reduction potential compared to hydrazine hydrate. The best result was observed 
for hydrazine hydrate with 70 % hydrodechlorination activity after 2 h of reaction. To study 
the effect of temperature, hydrodechlorination of p-chlorophenol is carried out at three 
different temperatures and the results are presented in Fig. 5.8. At 40oC and 50oC the rate of 
conversion is very high as compared to the reaction carried out at 30oC. Within 2 h of 
reaction time the HDC process get completed at 40oC and 50oC. At 30oC, we observed a 
gradual increase in rate of reaction and the reaction reaches the completion stage after 5 h 
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(Fig. 5. 8). Therefore in this study, 30oC was taken as the optimum temperature to study the 
HDH process.  
 
Figure 5.8 Effect of temperature on the hydrodechlorination activity of p-
chlorophenol catalysed by Pd/Al-P catalyst. 
After optimizing the reaction temperature, support and hydrogenating agent, the molar ratio 
of substrate to hydrazine hydrate was varied to determine the optimum value. Figure 5.9 
shows the conversion of p-chlorophenol after 1 h of reaction for different p-chlorophenol to 
hydrazine hydrate molar ratio. For lower molar ratio, the rate of conversion is less. As molar 
ratio increases there is a gradual increase in conversion reaching the optimum value at 1:8. 
Further increase in molar ratio does not have any marked impact on the HDC activity. Hence 
in this study the molar ratio of 1:8 was chosen as optimum molar ratio of p-chlorophenol and 
hydrazine hydrate for further study. To study the reactivity of different substituted 
chlorinated organic compounds, the HDH has been carried out under optimized conditions. 
The rate of HDH process depends on the types of functional groups and halogen associated 
with the substrate (Urbano and Marinas, 2001). 
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Figure 5.9 Effect of t molar ratio of p-chlorophenol and hydrazine hydrate on the 
hydrodechlorination activity of p-chlorophenol catalysed by Pd/Al-P. 
Table 5.2 shows HDH activity of Pd/Al–P catalyst for different halogenated compounds after 
30 min of reaction time. Among chlorophenols, the ortho substituted phenols have greater 
reactivity as compared to p-chlorophenol. Figure 5.10 and 5.11 represent the time vs 
conversion profile of different mono and di substituted chlorophenols along with p-
fluorophenol. The exclusion of fluorine from the p-fluorophenol takes place at a slower rate 
as compared to chlorinated compounds. This is attributed to the greater dissociation energy 
associated with C–F bond than C–Cl bond. From the Fig. 5.10 it is observed that after 5 h, 79 
% of fluorine is removed from p-fluorophenol whereas under identical reaction time 100 % 
chlorine removal takes place from p-chlorophenol. Chlorine removal is quite spontaneous for 
ortho substituted phenol which is illustrated in Fig. 5.11. The electron donating O–H group 
creates more electron rich centre at ortho position than para position. Chloroanilines show 
greater rate of conversion compared to the chlorophenols. (Fig. 5.10 and 5.11). A comparison 
of HDH activity of mono and dichlorophenols for a given time period indicates that the 
dichlorophenols undergo slower dechlorination as compared to monosubstituted phenols. 
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Among the disubstituted phenols, 2,6-dichlorophenol shows 98.5 % chlorine removal after 3 
h of reaction. 
Table 5.2 Dehydrohalogenation of different halogenated organic compounds using 
Pd/Al-P as catalyst after 30 minutes reaction time. 
Sl No Halogenated  species Time (min) Conversion (%) 
1 4-Chlorophenol 30 31.6 
2 2-Chlorophenol 30 100 
3 2,4-Dichlorophenol 30 17.1 
4 2,6-Dichlorophenol 30 33.6 
5 4-Fluorophenol 30 26.3 
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Figure 5.10 Activity of Pd/Al-P catalyst for the hydrodechlorination of different 
halogenated organic compounds at 30 oC. 
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Figure 5.11 Catalytic activity of Pd/Al-P catalyst for the hydrodechlorination of 
mono- and di- chlorinated phenols at 30 oC . 
Under similar reaction condition the 2,4- dichlorophenol show 75.5 % chlorine removal. The 
higher electrophilicity of the o-positions as compared to the p- position is responsible for 
higher reactivity of the 2,6-disubstituted products. The recyclability of the Pd/Al–P catalyst 
was evaluated for three consecutive cycles for the HDC of p-chlorophenol at 30oC and 1:8 
molar ratio of substrate to hydrazine hydrate for 2 h of reaction time. After completion of 
each reaction cycles, the catalyst particles were filtered from the reaction mixture, dried and 
washed with 10 ml portions of ethyl acetate for three times. The catalyst particles were 
subsequently dried in a vacuum oven at 120 oC and reused for further catalytic studies. The 
Pd/Al–P catalyst exhibited stable catalytic activity without any significant decrease in the 
HDC of p-chlorophenol for three consecutive cycles (conversion: 74.2 %, 1st cycle; 71.2 %, 
2nd cycle; 69.3 %, 3rd cycle). 
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PART B: HYDRODEHALOGENATION OF HALOGENATED ANILINES OVER Pd-
M (M= Cu and Ni)/Al-PILLARED CLAY  
5.3 INTRODUCTION 
Catalytic hydrodehalogenation (HDH) is one of the promising strategies for the removal of 
halogen under mild conditions (Molina et al., 2009a; 2009b). HDH is effectively catalysed by 
various transition and noble metals such as Pd, Pt, Ni, Ru and Rh (Sun et al., 2011). 
However, various monometallic systems studied for HDH, possess certain drawbacks such as 
catalyst poisoning due to metal halides formation, metal sintering, coke deposition, migration 
of metal, and alteration of metal oxidation state which reduce their stability and activity 
(Bedia et al., 2012; Seshu Babu et al., 2012). Among monometallic systems studied for 
HDH, Pd and Ni have been most active. Nickel metal requires higher temperature and high 
pressure for effective dechlorination of chlororganics (Srebowata et al., 2007). Palladium 
metal has been widely used for HDH; however, its cost ineffectiveness is a major limitation. 
Alloying of Pd with a second metallic component is an attractive way to generate bimetallic 
catalysts which exhibit enhanced activity, selectivity and stability for HDH process. The 
formation of bimetallic system prevents agglomeration of individual metal particles thereby 
exposing more number of active sites on the surface. The alloying effect has been explained 
earlier in terms of structure-activity relationship. The selective occurrence of a metallic 
component at a particular topology of the surface sites such as low index planes, kinks, 
corners, edges has also been observed to be advantageous in terms of stability and enhanced 
catalytic activity (Coq and Figueras, 2001). Different Pd based bimetallic systems such as Pd-
Al, Pd-Au, Pd-Pt, Pd-Cu, Pd-Fe and Pd-Ag have been evaluated for their HDH activity 
(Heinrichs  et al., 2001; Golubina et al., 2006; Nutt et al., 2006; Yang  et al., 2011; Bedia et 
al., 2012; Gregori et al., 2014 ). Gregori et al had synthesized Pd-Cu bimetallic particles 
supported on MCM-41 using different preparative strategies. The dispersion and size of the 
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metallic particles is controlled by the method of preparation which in turn affect the rate and 
selectivity of hydrogen assisted dechlorination of CF3OCFClCF2Cl (Gregori et al., 2014). Pd-
Yb bimetallics supported on silica was found to be promising catalyst for the gas-phase HDC 
of chlorobenzene and dichlorobenzene. Yb acts as effective electron donating agent thereby 
enhancing the catalytic activity (Jujjuri et al., 2006). The hydrodechlorination of 
trichloroethene have been carried out in presence of Pd/Au nanoparticles. The increase in 
catalytic activity in presence of the bimetallic particles has been ascribed to the formation of 
Pd ensembles and Pd-Au mixed sites that serve as adsorption and reaction sites for the 
substrates (Nutt et al., 2006). The nature of the co-metal, its oxidation state, segregation of 
either of the two components on the surface and topological distribution of the metal particles 
are the key factors which affect the catalytic activity (Scott et al., 2011; 2013). The nature of 
the support also plays an important role in controlling the activity and selectivity of the 
bimetallic particles (Bedia et al., 2012). The metal-support interaction, porosity and acid-base 
character of the support are important factors which controls the dispersion and stability of 
bimetallic particles (Urbano and Marinas 2001). Among Pd based bimetallic systems, Pd-Ni 
is one of the widely investigated systems (Simagina et al., 2003; Srebowata et al., 2007; Sun 
et al., 2011; Seshu Babu et al., 2012). Simagina et al have studied the HDC activity of Pd-Ni 
biemetallic catalyst supported on carbon for hydrodechlorination of hexachlorobenzene. The 
surface enrichment of Pd metal in the bimetallic catalyst which in turn affects the surface Pd 
concentration has been correlated to the HDC activity. Isolated Pd particles present near the 
Ni rich phases have been proposed to be highly active compared to the Pd present in large 
ensembles (Simagina et al., 2003). Sheshu Babu et al. studied gas phase hydrodechlorination 
of chlorobenzene employing Pd-Ni supported on Al2O3 as catalyst. The molar ratio of the two 
metals i.e. Pd and Ni influence the catalytic activity for HDC. The formation of Pd-Ni 
interfaces embedded with Pd+ species has been identified as the active site for the HDC of 
chlorobenzene (Seshu Babu et al., 2012). 
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Previous studies in literature show that pillared clays are highly effective as support for 
catalytically active monometallic and bimetallic systems (Moronta et al., 2006; Barama et al., 
2009; Su et al., 2009; Aznárez et al., 2011; Pérez et al., 2014). Various bimetallic particles 
such as Fe-Ni, Ru-Sn and Ru-Cu supported on modified pillared clays have been investigated 
respectively for degradation of amoxicillin, hydrogenation of dimethyl adipate and 
hydrogenolysis of glycerol, (Jiang et al., 2009; Fontana et al., 2011; Weng  et al., 2014). In 
this work we have employed Al-pillared clay as an efficient support for Pd-Ni bimetallic 
particles for hydrodechlorination of a variety of substrates with major focus on 
chloroanilines, under milder condition using hydrazine hydrate as hydrogen transfer agent. 
5.4 RESULTS AND DISCUSSIONS 
5.4.1 XRD STUDY 
The X-Ray diffraction patterns of the Pd-Ni(1:1)/Al-P and Pd-Cu(1:1)/Al-P is presented in 
Fig. 5.12. The bimetallic systems show broad and intense reflections indicating the materials 
are crystalline in character. However, the broadening of the peaks indicates a disturbance in 
the stacking arrangement of the clay sheets along the z-direction for the supported system in 
comparison to the pure Al-P. The (001) reflection for the supported system occurs at lower 
2 values indicating structural expansion of clay lattice as a result of pillaring with Al-
polycationic clusters. The basal spacing value of the supported metallic systems presented in 
Table 5.3 are similar to the one observed for the Al-pillared clay material. The basal spacing 
value observed for the Pd-Ni(1:1)/Al-P and Pd-Cu(1:1)/Al-P materials are 18.3 and 18.7 Å, 
respectively. The basal spacing value indicates that the interlayer structure of the pillared clay 
remains intact in the supported catalysts and the supported system are structurally stable. 
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Figure 5.12 XRD patterns of (a) Pd-Ni(1:1)/Al-P and (b) Pd-Cu(1:1)/Al-P. 
Table 5.3 Physicochemical characteristics of Pd-M/Al-P catalyst. 
 
 
 
 
 
 
         
      
5.4.2 UV-VIS STUDY 
The UV-Vis spectra of parent clay, Al-P, Pd-M/Al-P clay materials along with PdCl2 and Pd 
(0) nanoclusters are presented Fig. 5.13. The dilute aqueous solution of PdCl2 shows two 
distinguished absorption bands at 304 nm and 413 nm. These bands arises because of spin 
forbidden d-d transition (1A2g1A1g) (Alonso et al., 2010). The PdCl2 solution has been used 
Sl No Catalyst Basal spacing 
(Å) 
Surface area 
(m2/g) 
1 Clay 12.9 30 
2 Al-P 19.2 245 
3 Pd/Al-P 18.6 186 
4 Pd-Cu (1:1)/AL-P 18.7 164 
5 Pd-Ni (1:1)/AL-P 18.3 172 
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for generation of the Pd clusters by chemical reduction method using alkaline formaldehyde 
as reducing agent. Fig. 5.13 b shows the UV-Vis spectra of PdCl2 solution reduced using 
alkaline formaldehyde after 6 h of reaction time. It is observed from the Fig. 5.13b that the 
two bands which are designated for Pd2+ are completely absent. This observation implies that 
Pd2+ ions have been completely reduced to Pd (0) in presence of the reducing agent (D’Souza 
et al., 2013). The parent clay displays a broad UV absorption band with maxima at 245 nm. 
This band is attributed to the Fe3+O2-, OH- or OH2 charge transfer transition for the 
structural iron present in the octahedral layer of the clay sheet (Fig. 5.13c) (Ranga Rao and 
Mishra, 2005).  
 
Figure 5.13 UV-Vis spectra of (a) PdCl2, (b) Pd nanoclusters, (c) Clay and (d) Al-P 
(panel I) and (e) Pd/Al-P, (f) Pd-Ni(1:1)/Al-P and (g) Pd-Cu(1:1)/Al-P (panel II). 
The isomorphous substitution of octahedral Al with Fe is responsible for the characteristic 
absorption feature of the clay materials. The Al-pillared clay shows similar absorption feature 
as that of the parent clay which is indicated in Fig. 5.13d. Alumina pillared clay is synthesized 
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by intercalation of [AlO4Al12(OH)24(H2O)12]7+ polyoxocations followed by calcination. On 
calcination, these polyoxocations are converted to Al2O3 nanoclusters which are covalently 
bonded with clay sheets and hold them apart. Al2O3 being a direct band gap insulator, it does 
not absorb light in the range of 200-800 nm thereby causing no variation in its absorption 
feature with respect to parent clay (RangaRao and Mishra, 2007).  The UV-Vis spectrum of 
Pd/Al-P is shown in Fig. 5.15e. This spectrum does not show any additional band 
corresponding to Pd2+. Hence it can be concluded the Pd particles dispersed in the matrix of 
Al-P is in zero oxidation state. The UV-vis absorption spectra of Cu and Ni nanoparticles 
have been studied in literature (Xiang et al., 2004; Scaiano et al., 2011). The absorption band 
from Cu and Ni nanoparticles are observed at 570 and 400 nm, respectively, which has been 
attributed to the plasmon resonance occurring due to interaction of conduction band electrons 
with the electromagnetic radiation. However, in the present study the Pd-Cu/Al-P and Pd-
Ni/Al-P does not show this absorption feature corresponding to Cu and Ni nanoparticles. This 
can be ascribed to the enrichment of the Pd metal over the bimetallic particle surface which 
supress the plasmon resonance band of the second metal. 
5.4.3 FE-SEM STUDY  
The field emission scanning electron micrographs of Pd-Cu(1:1)/Al-P and Pd-Cu(1:1)/Al-P 
materials are presented in Fig. 5.14. Both the materials show the presence of flake like particles 
of irregular shape and size. This observation is in contrast to the sheet like morphology 
observed for the Al-pillared clay material (section 5.2.4). This observation indicates 
morphological changes due to the presence of metallic particles in the pillared clay matrix. The 
presence of the metallic particles along the broken edges as well as the defect sites of the clay 
sheets can promote edge to edge and edge to face interaction. This may result in folding of the 
clay sheet generating particles with irregular shape and morphology.  
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                           (c)        (d)  
Figure 5.14 FE-SEM images (a) Pd-Ni (1:1)/Al-P and (b) Pd-Cu(1:1)/Al-P. 
5.4.4 TEM STUDY 
The transmission electron micrographs Pd and Pd-Ni bimetallic materials supported on Al-
pillared clay is presented in figure 5.15. The Pd/Al-P system indicates the presence of Pd 
nanoparticles with size in the range of 5-30 nm well dispersed in the matrix of the Al-pillared 
clay (Fig. 5.15a). The TEM image of the Pd-Ni(1:1)/Al-P revealed the presence of particles 
with size in the range of 5-25 nm embedded in the Al-pillared clay matrix (Fig. 5.15b). The 
bimetallic particles show two contrasting metallic phases in the Al-pillared clay matrix.  
 
(a) 
172 
 
 
(b) 
Figure 5.15 TEM images (a) Pd/Al-P and (b) Pd-Ni(1:1)/Al-P. 
5.4.5 CATALYTIC ACTIVITY FOR HYDRODEHALOGENATION OF ORGANIC 
COMPOUNDS  
The catalytic activity of the Pd-M/Al-P materials has been examined for the 
hydrodechlorination of the halogenated aromatic organic compounds with particular focus on 
chloroanilines under transfer hydrogenation condition. Fig. 5.16 represents the time vs 
conversion profile of the Pd-Cu (1:1)/Al-P and Pd-Ni(1:1)/Al-P catalyst for 
hydrodechlorination of 4-Chloroaniline carried out at 40oC. Under the adopted experimental 
condition, the Pd-Ni(1:1)/Al-P catalyst exhibit higher catalytic activity compared to  Pd-Cu 
(1:1)/Al-P catalyst. Pure Clay and Al-P materials were inactive for the reaction. It can be 
observed that the activity for HDH increases with time for both the catalyst. The Pd-Ni 
bimetallic particles exhibit high initial rates and good efficiency for HDC activity. For Pd-Cu 
on the other hand the increase is more gradual with respect to time. The Pd-Cu system attends 
32% conversion after 5 h of reaction where as complete HDH was achieved in case of Pd-Ni 
bimetallic particles for same reaction time. Pd-Ni supported bimetallic systems have been 
studied earlier for HDH activity of different aromatic and aliphatic substrate.  The Pd metal 
being primarily responsible for the activity of the catalyst, the selectivity for a particular 
product is tailored in presence of Ni (Srebowata et al., 2007). Pd metal undergoes surface 
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segregation in the Pd-Ni bimetallic catalyst (Srebowata et al., 2007). The surface segregation 
exposes more number of Pd atoms on the surface there by helping in the optimum utilization 
of the active sites 
 
Figure 5.16 Time vs conversion profile of Pd-Cu(1:1)/Al-P and Pd-Ni(1:1)/Al-P 
materials for  hydrodechlorination of 4-Chloroaniline at 40o C.   
Fig. 5.17 shows the effect of molar ratio of Pd and Ni on the activity of Pd-Ni/Al-P catalyst 
for the HDH of 4-Chloroaniline. The hydrodechlorination activity was found to increase with 
increase in the Pd content in the bimetallic catalyst which is in accordance with the earlier 
observation in literature (Simagina et al., 2003). From kinetics consideration, the Pd-
Ni(1:1)/Al-P was selected for further study. In order to study the effect of the nature of the 
hydrogen transfer agent on the catalytic activity of the Pd-Ni(1:1)/Al-P catalyst, different 
hydrogen transfer agents are used for the HDC activity of 4-Chloroaniline.  
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Figure 5.17 (I) Effect of molar ratio of Pd:Ni on the catalytic activity of Pd-Ni/Al-P 
catalyst, (II) catalytic activity of Pd/Al-P, for the hydrodechlorination of 4-
Chloroaniline. 
Fig. 5.18 shows the time vs conversion plot for hydrodechlorination of 4-Chloroaniline using 
different hydrogen transfer agents over Pd-Ni(1:1)/Al-P catalyst. Among all hydrogenating 
agents hydrazine hydrate is found to be most efficient with 98% conversion after 5 hours of 
reaction. The larger size and low reduction potential of benzyl alcohol hinder its adsorption 
and transport to the bimetallic surface. The lower activity observed for molecular hydrogen 
can be ascribed to its limited solubility in aqueous media and lower reduction potential 
compared to hydrazine hydrate. 
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Figure 5.18 Effect of various hydrogenating agents on the hydrodechlorination 
activity of 4-Chloroaniline for Pd-Ni(1:1)/Al-P catalyst. 
Further optimization of the HDH of 4-Chloroaniline was carried out by varying the 
temperature. Fig. 5.19 represents the effect of temperature on the catalytic activity of Pd-
Ni(1:1)/Al-P catalyst in the range of 30-50oC. At 30oC, the rate of HDH is very slow and 
even after 6 hours 77% of hydrodechlorination of the substrate was observed. Similarly, the 
reaction rates are enhanced significantly at 50oC and the hydrodechlorination process get 
completed after 1 hour of reaction time. At 40oC the reaction complete conversion takes place 
after 5 hours of reaction. Hence 40oC is chosen as optimum temperature to carry out further 
reactions. After optimizing different parameters, the molar ratio of substrate to hydrazine 
hydrate was varied to determine the optimum value. 
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Figure 5.19 Effect of temperature on hydrodechlorination of 4-Chloroaniline after 1 h 
of reaction time for Pd-Ni(1:1)/Al-P catalyst. 
Fig. 5.20 shows the HDH activity of Pd-Ni(1:1)/Al-P catalyst for 4-Chloroaniline after 1 h of 
reaction at different substrate to hydrazine hydrate molar ratio. For lower molar ratio, the rate 
of HDH is less. As molar ratio increases there is a gradual increase in conversion reaching the 
optimum value at 1:5. Further increase in molar ratio does not have any marked impact on the 
HDC activity. Hence in this study the molar ratio of 1:5 was chosen as optimum molar ratio 
of 4-Chloroaniline and hydrazine hydrate for further study. In order to evaluate the effect of 
functional groups on the HDC process, various halogenated organics differing in 
functionality are used in the catalytic study under optimized conditions. Fig. 5.21 and 5.22 
show the percentage conversion vs time plot for different ortho and para substituted 
chloroanilines, chlorotoluene and chlorophenols. 
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Figure 5.20 Effect of molar ratio of 4-Chloroaniline and hydrazine hydrate on the 
hydrodechlorination of 4-Chloroaniline after 1 h of reaction time for PdNi(1:1)/Al-P 
catalyst at 40 oC. 
From Fig. 5.21, it is noted that for the Pd-Ni(1:1)/Al-P, the 2-Chloroaniline is more reactive 
and shows higher dechlorination rate compared to its para isomer. It can be explained interms 
of electronic effect. The presence of electron donating –NH2 group creates more electron rich 
centre at ortho position than para position which helps in the cleavage of the C-Cl bond. For 
2-Chloroaniline complete dehalogenation takes place after 4 hours of reaction. The rate of 
HDC is slower for 4-Fluoroaniline due to greater dissociation energy associated with C–F 
bond. Fig. 5.22 illustrates catalytic activity of Pd-Ni(1:1)/Al-P catalyst for HDC of 4-
Chlorophenol and 4-Chlorotoluene. 4-Chlorophenol undergo dechlorination at a marginally 
lower rate compared to 4-Chloroaniline. However, least reactivity was observed for 4-
Chlorotoluene. The 4-Chlorotoluene containing the hydrophobic –CH3 group is less 
accessible to the active metallic sites present in the hydrophilic environment of Al-pillared 
clay matrix.  
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Figure 5.21 Catalytic activity of Pd-Ni(1:1)/Al–P catalyst for the hydrodechlorination 
of different substituted anilines at 40 oC. 
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Figure 5.22 Catalytic activity of Pd-Ni(1:1)/Al–P catalyst for the hydrodechlorination 
of 4-Chlorophenol and 4-Chlorotoluene at 40 oC. 
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5.5 CONCLUSION 
In this work, we have explored the synthesis and catalytic application of Pd and Pd-Ni 
bimetallic nanoparticles dispersed in Al-pillared clay matrix for hydrodechlorination of 
halogenated aromatics under hydrogen transfer conditions. The pure Pd and Pd-Ni bimetallic 
nanoparticles were synthesized using chemical reduction method. The expansion of the 
interlayer space of the clay upon pillaring and its subsequent retention in the supported mono 
and bimetallic systems is elucidated from XRD study. The Al-pillared clay provides an 
effective inorganic matrix for the dispersion and stability of the metallic nanoparticles. The 
IR study indicated the structural integrity of the clay lattice in the supported system. The UV-
Vis study revealed complete reduction of the metallic precursor salt and enrichment of Pd on 
the surface of the bimetallic particles. The changes in the morphological features due to the 
presence of the metallic particles are apparent from the FESEM study. TEM study of the 
supported Pd nanoparticles indicated the presence of 5–30 nm size particles well dispersed in 
the pillared clay structure. The Pd-Ni bimetallic particles as observed by TEM are of irregular 
shape with size the range of 5-25 nm uniformly dispersed in the Al-pillared clay matrix. The 
Pd/Al–P and Pd-Ni/Al–P was used as a catalyst for efficient HDH of halogenated organic 
compounds. Hydrazine hydrate act as an efficient hydrogen transferring agent showing higher 
HDC activity for a variety of substrates. Among several halogenated substrates it is found 
that di-substituted substrates undergo HDC at a slower rate as compared to mono substituted 
halogenated compounds. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
The summary the research work carried out in this thesis is schematically presented below 
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In this thesis, the catalytic application of pillared clays and their modified analogues have been 
evaluated for synthesis of biologically important molecules and hydrodehalogenation of a variety 
of halogenated aromatic compounds. Three different pillared clays namely Al-, Zr and Cr-
pillared clays have been modified using metallic, oxidic and polymeric materials to generate the 
heterogeneous catalytic systems. The catalytic activity of these pillared clay anlogues have been 
studied for synthesis of biologically important molecules and decontamination of organic 
contaminants from water.  The major conclusions obtained from this works are presented below 
Major Conclusions  
 The Cr-pillared clay material is used as an efficient catalyst for synthesis of structurally 
diverse xanthene derivatives. The observed improvement in surface area, microporosity and 
acidity due to pillaring are the important factors which contribute to the catalytic activity of 
this material. Compare to literature reported methods, the catalytic protocol developed in this 
work has been found to be advantageous in term of recyclable catalyst, preclusion of toxic 
solvent and high yield and purity of the products.  
 The Cr-pillared clay is an effective support for dispersing catalytically active silicotungstic 
acid nanoclusters. The high surface area and microporous nature of the Cr-pillared clay is 
crucial for well dispersion of the silicotungstic acid.   
 The STA/Cr-P materials is catalyticaaly active for the synthesis of 1,4-dihydropyridines 
(DHPs) by multicomponent reaction of aldehydes/chalcones, ethylacetoacetate and 
ammonium acetate under solventfree condition. Structurally diverse DHPs are prepared by in 
high yield and purity using different aryl aldehydes and chalcones as starting materials.  
 A novel class of Pillared clay-polyphosphoric acid (ZrP-PPA) nanocomposite materials is 
synthesized in this work. The constrained interlayer space (~ 1 nm) and high surface area (~ 
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170 m2/g) of Zr-pillared clay was used effectively to trap the PPA moieties in the lateral 
space between the pillars. The trapped PPA moieties in the Zr-P interlayer exhibit good 
thermal stability and resistance to hydrolysis.  
 Structurally diverse tetrahydropyridines were synthesized by multicomponent one pot 
condensation of aromatic aldehydes, substituted aniline, and - dicarbonyl compounds using 
acetonitrile as solvent and ZrP-PPA as heterogeneous catalyst. The catalytic protocol 
developed using ZrP-PPA catalyst for synthesis of tetrahydropyridines is advantageous in 
terms of less reaction time, good yield and purity of the products and catalyst recyclability.  
 A novel class of inorganic-organic hybrid material containing surface acidic functional 
groups is synthesized employing Zr-pillared clay as inorganic matrix and sulfonated 
polyvinyl alcohol as an organic polymer (ZrP-SPVA). The enhanced gallery height and the 
open channels of the Zr-pillared clay help in intercalation of the polymer. Well dispersion 
and trapping of the polymeric species in the clay and pillared clay matrix is achieved using 
CTAB as a structure expanding agent. The intercalation behaviour of the polymer is found to 
be crucial for the final properties of these composite systems.  
 The Z-P-SPVA catalytic system efficiently catalyzes the synthesis of  hexahydropyrimidines 
by one pot condensation of β-dicarbonyl compounds, substituted aniline and formaldehyde. 
The synergistic effect between the acidic sites of the clay lattice and the –SO3H group of the 
polymer is responsible for synthesis of structurally diverse hexahydropyrimidines in good 
yield under mild conditions.     
 The high surface area and microporosity of Al-pillared clay is effectively utilized for 
supporting Pd metal and Pd-M (M =Cu and Ni) bimetallic nanoparticles. The Al-pillared clay 
supported Pd nanoparticles exhibit efficient hydrodechlorination activity for a variety of 
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chlorinated aromatic contaminants under hydrogen transfer condition. The acidic centers of 
the clay provides adsorption sites for the chlorinated compounds where as the Pd metal is 
responsible for the hydrodechlorination activity. 
 The scope of waste water treatment using supported metallic particles over Al-pillared clay is 
further broadened in this work by employing supported Pd-Ni bimetallic nanoparticles for 
dehydrohalogenation of a wide variety of organic contaminants with functional diversity. The 
Pd metal act as active sites for the dehalogenation reaction where as the Ni metal helps in 
stability of the bimetallic species.   
 For Pd-/Al-P and Pd-Ni/Al-P catalyzed dehydrohalogenation reaction for mono-substituted 
substrates the reactivity varied in the order chlorotoluene< chlorophenol<chloroaniline. The 
different in the reactivity has been explained based on the electronic effect exerted by 
different functional groups present in the substrate. Among different halogenated substrates, 
di-substituted substrates undergo HDH at a slower rate as compared to mono substituted 
halogenated compounds. 
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